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EXCUTIVE SUMMARY

This document constitutes a final report on NASA GRC Grant No. NAG3-2051. It

consists of two parts. Part I documents the work and results on "A Computational Model

for Rotating Stall and Inlet Distortions in Multistage Compressors" which was Y. Gong's

doctoral dissertation. A computational model for simulating axial compressor stall

inception and development via disturbances with length scales on the order of several

(typically about three) blade pitches have been developed and this was described in Part I

of the report. The model was designed for multi-stage compressors in which stall is

initiated by these "'short wavelength" disturbances, also referred to as spikes. The

inception process described is fundamentally nonlinear, in contrast to the essentially

linear behavior seen in so-called "modal stall inception". Each blade-row was

represented by a body force distribution evaluated in real time using the blade-row

characteristics and local flow conditions. The model was able to capture the following

experimentally observed phenomena: (1) development of rotating stall via short

wavelength disturbances, (2) formation and evolution of localized short wavelength stall

cells in the first stage of a mismatched compressor, (3) the switch from long to short

wavelength stall inception resulting from the re-staggering of the inlet guide vane, (4)

the occurrence of rotating stall inception on the negatively sloped portion of the

compressor characteristic. Parametric investigations indicated that ( 1) short wavelength

disturbances were supported by the rotor blade row, (2) the disturbance strength was

attenuated within the stators, and (3) the reduction of inter-blade row gaps can suppress

the growth of short wavelength disturbances. It is argued that each local component

group (rotor plus neighboring stators) has its own instability point (i.e. conditions at

which disturbances are sustained) for short wavelength disturbances, with the instability

point for the compressor set by the most unstable component group. However there

remain two issues that need to be re-examined. First the use of the computational model

for simulating axial compressor instability requires the specification of compressor

pressure rise characteristics including the portion of the characteristics to the left of the

peak of pressure rise characteristics. This is the portion of the characteristics that one

would measure if the compressor were prevented from stall for operating points past the

peak. As such this information is not readily available. Thus it would be of engineering



interestto assessthesensitivityof thestall inceptionprocessandits subsequent

developmentto theportionof thepressurerisecharacteristicsthatis to the left of the

peak.Secondonly arudimentaryprocedureusedfor representingeachblade-rowasa

bodyforcedistributionthatwasevaluatedin realtimeusingtheblade-rowcharacteristics

andlocal flow conditions.Thusthereisalsoa needto developaprocedurewherebythe

bodyforcerepresentationof abladerowcanbe implementeddirectly usingthebest

availableCFD solutionof isolatedsinglebladepassage.PartII of thereportaddresses

twoissuesandtheinitial developmentof a rationalprocedurefor obtainingabody force

representationof bladerow.



THREE-DIMENSIONAL AERODYNAMIC INSTABILITIES

IN MULTISTAGE AXIAL COMPRESSORS

Part I: A Computational Model for Rotating Stall and Inlet

Distortions in Multistage Compressors



Abstract

This thesis presents the conceptualization and development of a computational model for

describing three-dimensional non-linear disturbances associated with instability and inlet

distortion in multistage compressors. Specifically, the model is aimed at simulating the

non-linear aspects of short wavelength stall inception, part span stall cells, and

compressor response to three-dimensional inlet distortions. The computed results

demonstrated the first-of-a-kind capability for simulating short wavelength stall inception

in multistage compressors.

The adequacy of the model is demonstrated by its application to reproduce the following

phenomena: (1) response of a compressor to a square-wave total pressure inlet distortion;

(2) behavior of long wavelength small amplitude disturbances in compressors; (3) short

wavelength stall inception in a multistage compressor and the occurrence of rotating stall

inception on the negatively sloped portion of the compressor characteristic;

(4) progressive stalling behavior in the first stage in a mismatched multistage compressor;

(5) change of stall inception type (from modal to spike and vice versa) due to IGV

stagger angle variation, and "unique rotor tip incidence" at these points where the

compressor stalls through short wavelength disturbances. The model has been applied to

determine the parametric dependence of instability inception behavior in terms of

amplitude and spatial distribution of initial disturbance, and intra-blade-row gaps. It is

found that reducing the inter-blade row gaps suppresses the growth of short wavelength

disturbances. It is also concluded from these parametric investigations that each local

component group (rotor and its two adjacent stators) has its own instability point (i.e.

conditions at which disturbances are sustained) for short wavelength disturbances, with

the instability point for the compressor set by the most unstable component group.

For completeness, the methodology has been extended to describe finite amplitude

disturbances in high-speed compressors. Results are presented for the response of a

transonic compressor subjected to inlet distortions.
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Chapter 1

Introduction

1.1 Introduction

Compressor instability is a major limiting factor on gas turbine engine operating

range, t)erfornlance, and reliability. The instability, either in a form known as rotating

stall or surge, occurs at all el)crating point with low inass flow and high pressure rise.

To avoid such instabilities, the compressor (and hence the engine) has to operate at.

an operating point corresponding to lower pressure ratio so that an adequate stall

margin is maintained (Fig. 1.1). The stall margin can be considerably reduced in

operating environments for which the inlet conditions are non-unifi)rm.

l_ecent experimental data [9, 60] have elucidated the importance of three-dimensional

and non-linear aspects of compressor flow instability behavior which are beyond the

scope of current flow Inodels. Tile work described in this thesis constitutes a research

which addresses these aspects. The effort is focused first on developing a compu-

tational model to delineate compressor instabilities in nmltistage compressor under

uniform as well as non-uniform flow situations, followed by its preliminary applica-

tions to establish causal links between instability behavior and compressor design

characteristics.

In this chapter, phenomena associated with comt)ressor instability, including

short wavelength stall inception in nmltistage compressors [9], are reviewed. This

is then followed by a review of the current modeling cat)ability. The objectiw_s and

19



6.0 --

O

5.O

e_

4.0

3.0
25

Operating line -- / \\ /\ ,
Surge line . \_ " \Stall ,

Surge line with _ ,xc margin I

inlet distortion \ / _ \ _ ,

/ i _2_! 1oo%

___ . _..--_ _2_. __ I X, o/ 94°/0i

"_J P 86°/0. °f design . I
'_ 80% rotational speed t

30 35 40 45 50

Corrected mass flow

Figure 1.1: Coinpressor perfornlan(:e map and t.he effects of inlet, distortions [57].

scope of the thesis are described, followed by a concise delineation of the contributions.

1.2 Overview of Compressor Instabilities

1.2.1 Types of compressor instability in axial compressors

Three types of instability behavior have been observed at compressor operating points

beyond the surge line (Fig. 1.2), which are progressive stall, 'abrupt' stall, and surge.

With progressive stall, there is a gradual deterioration of pressure rise. This

happens for exanlple when a multistage compressor is operated at a speed below the

design speed. The flow field associated with this type of instability is illustrated in

Fig. 1.3(a) which shows several part-span stall cells rotating around the annulus. This

flow pattern usually occurs in one or several stages ill a multistage compressor.

'Abrupt' stall shows a sudden drop of I)ressure rise at. the compressor surge line,

with the formation of a full span stall (:ell (Fig. 1.3(t))). The stall cell has an axial

2O
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a) progressive stall b) 'abrupt' stall c) surge

Figure 1.2: Three types of compressor instability characterized in terms of tile
respective pressure rise characteristics.

l
low flow rate regions

a) part span stall cells b) full span stall cell c) surge

Figure 1.3: Three typical instability patterns in compression systems.
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extent that encompasses the whole (:omt)ressor; this explains tile large drop of pressure

rise (in contrast to the situation in the part-span stall cell pattern). To recover Dora

this type of stall pattern, the throttle has to be moved to a position corresponding

to a flow coefficient (or corrected mass flow) nnlch larger than that at. which the

colnpressor would stall upon throttle closing. This effect is usually referred to as

hysteresis, shown in Fig. 1.2(b).

Surge is a one-dimensional flow oscillation through the whole engine (Fig. 1.3((:)).

During an engine surge, a flame can often be seen at the intake and exhaust as the

combustion moves forward and backward from tile combustor.

1.2.2 Onset of instability

Pre(ticting the con<tition at which instat)ility will occur in a compressor requires an

understan<ting of the flow processes leading to the onset of the instability. The phe-

nomena described in the previous subsection are the final forms of instability. And it

is important to <tistinguish the final form from the onset, of instability. The transition

from initial disturbance to final stall or surge can useflflly be divi<ted into three stages

(1) incet)tion; (2) <tevelopment; and (3) final flow pattern. The inception stage is the

period when disturbances start to grow (flow be<'onles unstable). It defines the oper-

ating point and con(titions for which instability occurs. In practice, the (tisturbances

will take a finite aInount of time (ranging from a few to several hundred rotor revo-

lutions) to grow into final stall or surge, so that the inception stage can be viewed as

the early development of tile unstable flow.

For some comt)ressors, the inception stage consists of the linear growth (extending

up to several hundred rotor revolutions) of disturbances of infinitesimal amplitude,

while in others the inception stage only extends over one to two rotor revolutions

after its dete(:tion. Tile inception stage is the major focus of the instability modeling

and prediction.

The development stage, which includes all the processes after the inception stage

before the final flow patt.ern to be reached, is usually of less importance. It is often

the case that one final form of instability in one compressor could be the pre-stage of
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the final form ill another(:ompressor.For _xample,rotating stall might,causesurge

in SOlnecompressors,asnotedby Greitzer [261:

Tile global(system)instability isabasicallyone-dimensionalphenomenon,

involvingonow_rall,annulusaveraged,compressorperformancecurve. For

typical volumes, lengths, and throttle characteristics this must generally

be slightly positive sloped for system instability to occur. We have also

seen that the axisynmletric flow through a compressor can be unstable

to two- (or three-) dinlensional infinitesimal disturbances, and that this

local instability marks the inception of rotating stall. However, the onset

of this rotating stall is very often associated with a precipitous drop in

the overall ("one-dimensional") pressure-rise Inass-flow curve of compres-

sor performance. In other words, the inception of rotating stall can lead

to a situation where the instantaneous compressor operating point is on

a steeply positively sloped part of the characteristic, with a consequent

violation of the dynamic and/or the static instability criteria.

In this sense, part. span stall could be the pre-stage of flfll span rotating stall. This

aspect will filrther be elaborated ill Section 5.6.

1.2.3 Two Major Stall Inception Types

Two major inception types have been experimentally i(tentified: modal waves, and

spikes. Modal waves are exponentially growing long wavelength (length scale compa-

rable to the annulus) small amplitude disturbances. The rotating speed of this type

of disturbance is in the range between 20% to 50% of rotor speed. Figure 1.4 shows

velocity traces during the transition process from small amplitude pre-stall waves

(modal waves) to tile fully developed stall pattern. Modal waves penetrate the whole

compressor in tile axial direction, so they can be detected by sensors at any locations

at the inlet., exit, or within the compressor. Usually, this type of stall inception oc-

curs at a point near the peak of the characteristic. This type of inception can be well

(tescribed by linear stability theory. The theory developed by Moore and Greitzer [511
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Figure 1.4: Velocity traces of eight sensors oll the ammlus show a typical stall

inception through modal waves [45].

predicted the pre-stall modal wave before measurements were taken [49, 23].

The other inception mechanism is the growth of localized non-linear short wave-

length (with length scale of several blade pitches) disturbances [9], often referred to

as "spikes". This type of stall inception is referred to as "short wavelength stall in-

ception". Figure 1.5 shows velocity traces (luring a compressor stalling through short

wavelength disturbances. The inception starts as one or several spike-shaped finite

amplitude disturbances within the tip region of a particular stage. Usually, the dis-

turbance develops into a large fldl span stall cell within three t.o five rotor revolutions.

The initial rotating speed of this type of disturbances is around 70% of rotor speed,

substantially higher than that for the typical modal wave speed. No existing model

has been demonstrated to be capable of describing this type of phenomenon. The

lack of this capability motivates this research project.
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Figure 1.5: Velocity traces of eight, sensors on the ammlus show the t:ompressor stall

inception through short wavelength disturbances (spikes) [9].

1.3 Experimental Observations on Short Wavelength

Stall Inception

The experimental observations associated with short wavelength stall inception are

summarized in this section.

1.3.1 Features of Short Wavelength Stall Inception

Short wavelength stall inception first was identified by Day [9], but it has since been

observed in many compressors [11, 17]. So far, the phenomena have only been roughly

defined in a descriptive manner. From experimental observations [9, 11, 17, 60], a

short wavelength tyt)e of stall inception is initiated by one or several disturbances

which are localized in the tip region of a specific stage in a nmltistage compressor. Its

circumferential width is about 2-3 blade pitches, with a high rotating speed (70% rotor

speed), as well as a high growth rate (it takes 3-5 rotor revolutions from emerging

of initial disturbance to forming a large stall (:ell) relative to the modal wave type of
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Figure 1.6: Emmons's rotating stall cell propagation mechanism.

stall inception.

Day conjectured that tile inception is initiated by blade passage events (analogous

to tile argument offered by Emmons [15] and shown in Fig.l.6).

1.3.2 Experiments on Compressor Response to Rotating In-

let Distortions

Longley et al [44] investigated the effects of rotating inlet distortions on compressor

stability in several compressors, and found that there are two types of compressor

response (measured in terms of the stall margin vs. rotating speed of the distortion):

one shows a single resonance peak corresponding to a large decrement in stall margin

when inlet distortion is rotating at around 0.4 rotor speed in the direction of rotor

26



rotation (Fig. 1.7(a));the othershowstwo resonancepeaksat.0.3rotor speedaswell

asat 0.75rotor speed(Fig. 1.7(b)). Tile compressorswhichshowoneresonancepeak

stall throughmodal waveswhile tile other exhibit tile spiketype of stall inception.

ThustherespectivecharacteristicresponseoftheColnpressorcorrespondsto twotyt)es

of observedstall inceptionmechanismswhich havedifferent impacton stall margin

dueto rotating inlet disturbances.

1.3.3 Relation Between Local Stall Cells in Mismatched Com-

pressor and Stall Inception through Short Wavelength

Scale Disturbances

An interesting experiment has been conducted on a mismatched four-stage low sl)ee<t

compressor with the rotors ill the latter three stages deliberately re-staggere(t away

from stall [60]. Tile type of stall inception of the compressor in a inatched build (i.e.

four identical stage configuration) was spike type.

Measurements show that upon reducing the flow coefficient, the first stage still

stalls at about, the same flow coefficient as in the matched build (Fig. 1.8). The

pressure rise then reduces gradually as the flow coefficient is decreased, similar to the

progressive stall characteristic shown in Fig. 1.2(a). The stall cells are localized to the

first stage. It is hypothesized that the influence of downstream stable stages limits

the extent of stall cell.

The extent of these stall cells has the same order as that of spikes associated

with the short wavelength stall inception. The rotational speed is the same as that of

spikes. The similarity between the local stall cells, which are in its equilibrium state,

and tile spikes, which are in transition, indicates a link between tile two phenomena.

Therefore, the resulting knowledge from examining these local stall cells can be of

utility in assessing the observations on short wavelength stall inception.

27



!

O)

o

o
m

0.6

0.5

0.4

T

Uniform
inlet

flow range

Stationary
distortion

fl0w range

1
I21

e_
0 0 0

0 0 0

Counter Rotation =

Minimum

flow range
with rotating

...

O

cJ Experimental data, 500 rpm

© Experimental data, 350 rpm

--- Co-rotation
l

.0 -0.5 0.0 0.5 1.0

Screen rotating speed, in rotor speed

(a) Single resonance peak

e_

o

ID

0.56

0.52
Minimum flow range

with rotating distortion

Design point flow coefficient

• Uniform flow stall point

rn Experimental data
- Calculation

OF
Uniform inlet

flow range048r range

0"44I ,,, ,_ _, _ t_

0.40

Counter rotation = I _ Co-rotation
0.36 , , , I ....

-1.0 - 0.5 0.0 0.5 1.0

Screen rotating speed, in rotor speed

(b) Two resonance peaks

Figure 1.7: Two types of compressor resonance response to rotating inlet distortions.

28



¢._. o.

¢1.

I

¢tl

0.24

0.20

o
m

[]

m
o

o

o

£

Stall point for

-- matched compressor

o
o

° o

o

0.16
0.30 0.34 0J38 0.42

Vx / U tip

Mismatched compressor

T

tage 2-4

1

Figure 1.8: First stage pressure rise characteristic of the GE nfismatched compres-
sor [60].

1.3.4 Existence of Short Length Disturbances Prior to Stall

Point

Using a correlation method to analyze the measurements (luring tile stall inception

of tile GE compressor, Park [56] found that spike-shaped disturbances existed prior

to stall. He observed the short wavelength disturbances hundreds of rotor revolutions

before the actual stalling event occurs (Fig. 1.9). These disturbances were seen to form

and decay until stalling of the ('ompressor takes place (Fig. 1.10 and Fig. 1.11). The

frequency of the forming-decaying activity increased as the instal)ility was at)t)roached

through throttle closing.

One implication of his work is that the short, wavelength stall inception can be

initiated by existing localized non-linear disturbances. This finding is not in accord

with linear theory, which is based on the growth of infinitesimal disturbances.

Park also sought the best sensor location for the detection of short wavelength

stall inception. He found that static pressure sensors at the first rotor exit showed the
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earliest and strongest signals. This observation suggests tilat tile initial spike-shaped

disturbance assume the largest amplitude at the rotor exit.

1.3.5 An Investigation of the Conditions Under Which Short

Wavelength Stall Inception Occurs

From experimental observations, Camp and Day [4, 5] concluded that tile spike-type

stall inception occurs at a "unique rotor tip incidence" (Fig. 1.12). They examined a

specific compressor with different IGV stagger angles and found that the stall points

line up on a constant rotor tip incidence line whenever the compressor shows spike

as its stall inception mechanism. The stall inception inechanism could be switched

between modal type and spike-type for the same rotor and stator but. with different

IGV stagger. The overall trend is that when tile first rotor is highly loaded (higher

pressure rise for the given flow coefficient), the compressor tends to show spike-type

inception, otherwise it shows the modal type of stall inception. These experiments

suggest that the first-stage rotor is tile key component responsible for tile spike-type

stall inception.
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Based on their observation, Camp and Day proposed a "unique rotor tip in-

cidence" as a short wavelength stall criterion (Fig. 1.13). When this incidence is

reached before the peak of the compressor characteristic, the c(mlpressor will stall

through short wavelength disturbances; otherwise the compressor will stall at the

peak pressure rise and show modal waves as its stall inception type.

1.3.6 A Summary of Short Wavelength Stall Inception

From experimental observations, one can conclude that short wavelength stall incep-

tion is an important type of stall inception. Based on the observations, an approx-

imate flow pattern around a short wavelength disturbance can be deduced. Figure

1.14 illustrates the shape of a short wavelength disturbance on the (x, r) plane, and

(x, 0) plane in the tip region and the resulting flow field associated with the presence

of the low flow region. The sketch illustrates several features that are essential for

any proposed flow model development:

1. Flow redistribution within the gap of the stage where the short wavelength

disturbance is initially located (the implication is that a lumped compressor

model cannot resolve this type of disturbances).
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Figure 1.14: A sketch of flow around a short wavelength disturbance.

2. Flow redistribution within a blade row. So tile flow at the leading edge of a blade

passage can be significantly different from that in the rear part. of the blade

passage. This implies that a description based oil the actuator disk concept

cannot represent the flow field around such a short wavelength disturbance.

1.4 A Review of Current Modeling Capability

There are two central issues of rotating stall prediction: rotating speed and instability

point, but from the practical point of view, only the instability point is of real con-
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tern. Of engineeringvalueis the ability to establisha causallink betweeninstability

t)ehaviorand (:ompressordesigncharacteristic.

1.4.1 Stall Propagation Mechanism

The first rotating stall model was the analysis and t)hysical description prot)osed by

Emmons [15] (see also Ima and Rannie [361. ) Figure 1.6 shows tile mechanism of stall

propagation. Due to the flow redistribution upstream of a stall cell, a high incidence

angle appears in the flow region ahead of the stall cell moving direction, while in the

flow region behind the stall cell, the incidence angle is reduced. Therefore, at one

side, flow redistribution causes the blades to stall, while at. the other, blade loading

is reduced, so the blade will get out of stall. Although tile sketch only shows one of

several possible stall propagation mecimnisms, the idea is so intuitive that it is widely

accepted by both academic and industrial communities.

Cumpsty and Greitzer [7] used the balance between acceleration in the rotor,

stator, and upstream and downstream ducts t.o argue that the rotating speed of stall

cell is determined as the speed at which the unsteady inertial effects in rotors are

balanced by tile unsteady inertial effects in stationary components. Their model

predicted well the measured speed of rotating stall cells. The results suggest that

although tile flow redistribution idea is intuitive, the key mechanisin for propagation

is due to the inertial effects in blade rows and ducts. Later, Longley [43] showed that

tim flow redistribution effects do contribute to the rotating speed of stall cells.

1.4.2 Zero Slope of Characteristic as An Instability Criterion

The most well-known instat)ility criterion, which states that the instability will occur

at the zero-slope point (peak) of the characteristic, was proposed by Dunham [14].

He found that at tile zero slope of total-to-static pressure rise characteristic, the

compressor flow field is neutrally stable (i.e. disturbances do not decay).

A static stability argument for the criterion can be illustrated in Fig. 1.15. If a

compressor is operated in tile negatively sloped region, for a small amplitude distur-
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Figure 1.15: Influence of slope of compressor pressure rise characteristic o11 stability
of disturbances.

bance superimposed oil an axisymnaetric flow field, the higher flow coefficient region

gets lower pressure rise (axial force), while tile lower flow coefficient region gets higher

pressure rise. Therefore the flow in the higher flow rate region is decelerated and the

flow in the lower flow rate region accelerated, thus the disturbance is suppressed.

However, if a compressor is operated in the positively sloped region, a disturbance

will be amplified, leading to instability. One point to be noted in Dunham's model is

that it does not involve the rotating aspect of disturbances. This might indicate that

tile key mechanism of instability is separated from the mechanism of rotation. It has

been shown by some later models [6, 55] that the rotating aspect of a stall cell alters

the instability point only slightly.

1.4.3 Moore-Greitzer Theory

Moore [50] modeled a compressor using a hlmped compressor representation with

a postulated axisymmetric pressure rise characteristic:. His model was able to pro-

duce the right trends of rotating speed of stall cells for different mmlber of stages,

and also tile zero-slope criterion of total-to-static pressure rise characteristic as the

neutral stability point. The model was subsequently extended to predict compressor

performance and instability with inlet, distortions [35].

Although most of the work and development of Moore-Greitzer's model has been

for linear cases, the model itself is not limited to small amplitude disturbances. For ex-
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ample, an inlet distortion can be viewed as a stationary large amplitude disturbance.

Mathematically, general non-linear disturbances are very dill|cult to be treated an-

alytically; however nlodern CFD methods can be used to sinlulate the evolution of

any type of disturbances in tt_e system. Longley [45] and Hendricks et al [32] used

this idea to simulate instability behavior in high-speed conlpressors. Escuret and

Garnier [17] extended tile method to three-dimensional cases.

1.4.4 Three-dimensional and Non-linear Methods

Some rotating stall phenomena, like part-span stall and short wavelength stall in-

ception, are three-dimensional aim non-linear in nature. Some early efforts [67] to

capture the former did not show nmch positive results mostly due t.o the lack of

computational resources. Recently, several CFD methods have been used to simulate

compressor instability [31, 34]. One advantage of these methods is that they can

relate the blade passage events to tile instability. Hoying et al [34], based on the

coinputational results, found that the tip vortex movement could cause local flow

field breakdown which subsequently causes a stall cell in a single blade row. One

uncertainty of these calculations is ttlat they are performed on a single rotor blade

row, since no data are available oil short wavelength stall inception in a single rotor.

Although CFD (:an play a potential role for implementing computation to provide

information on instability behavior that is difficult to measure in a laboratory/test

rig, such simulations are still beyond the presently available conlputational resources

for multistage axial compressors.

There is another class of methods that uses both modeling and CFD technique

to model the flow in a compression system. These methods could handle three-

dimensional nonlinear flow phenomena in a practical manner and require reason-

able amount of computational resources. These methods have been demonstrated

to be able to compute steady three-dimensional inlet distortion cases [3], long wave-

length disturbances in a three-dimensional compressor [17] and disturbances iil two-

dimensional high-speed compressors [32]. Conceptually this type of model is able

to handle non-linear three-dimensional disturbances (e.g. spikes) in a compressor,
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howeverno effort/calculationshavebeenmadeto denmnstratethis.

In sunmlary,currentmodelingcapability hasbeensueeessflllfor the modal type

disturbances,but nomodeldescribesthespiketype of stall inception.The desireto

understandthe short wavelengthdisturbancesin a compression system and the lack

of the capability to model these types of three-(timensional non-linear disturbances

ill a compressor motivate the current research project.

1.5 Scope of the thesis

The goals of the research project are:

• to develop a methodology for describing unsteady t.hree-dimensional distur-

bances associated with flow instability phenomena in a compression system;

• to assess tile methodology for predicting both linear long wawqength and non-

linear short wavelength disturbances;

• to assess tile effects of design parameters on the type of stall inception and the

instability point.

• to demonstrate the usability of the methodology for high-speed compressors in

situations with general type of inlet distortions.

Some specific questions of engineering interest are:

1. What is the simplest model capable of describing the short wavelength distur-

bances?

2. What are the key design characteristics which affect the instability point and

its inception type?

3. When does a compressor exhibit short wavelength stall inception?

4. What are the capabilities of the developed methodology?
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The thesisis organizedas follows: Chapter2 presentstile (tevelopmentof the

computationalmodel:Chapter3 presentsanassessmentof the modelagainstknown

results;Chapter4 describesa limited parametricstudy to revealthe impactof some

relevantdesignparameters;Chapter5discussestheimplicationofthe results;Chapter

6 extendsthe model to high-speedcompressorswith inlet distortions; Chapter 7

presentsa summaryand conclusions.The Appendix describesa wayof developing

a body forcerepresentationfor blade-rowsbasedonexperimentalmeasurementsfor

high-speedcompressors.

1.6 Contributions

The key contributions of the present thesis are:

, A well assessed three-dimensional non-linear compressor model has been devel-

oped. The model inchldes a major improvement upon other three-dimensional

compressor models, which is that the flow redistribution within blade rows is

properly addressed. The model has been demonstrated to be capable of simu-

lating rotating stall initiated by short wavelength disturbances. To the author's

knowledge, this is the first-of-a-kin(t capability that. has been demonstrated

by a model. The methodology also has been used to model flow field in a

high-speed compressor with distorted inlet stagnat.ion pressure and t.eml)era-

ture distortions. The methodology has the I)otential of describing a wide vari-

ety of disturbances in comt)ressors, including part-span stall, three-dimensional

dynamic inlet distortions, non-uniformity caused by downstream components,

non-uniform loading around the annulus (e.g. due to non-uniform tit) clearances,

or imperfection due to manufacturing).

2. Key features of the stall inception process through short wavelength distur-

bances have been reproduced by the model. Parametric studies have been con-

ducted t.o explore the nmchanism of this type of stall inception. Several findings

are deduced from the computed results:
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• Tile growthof finiteamplitudeshortwavelengthdisturl)ances(lengthscale

of severalbladepitches)canbesufficientlymodeledby a smeared-out(in-

finite numberof bladesassumption)model. Tile ingredientsof the model

are three-dimensional,noi>linear,and row by row representationof com-

pressorresponseto finite ainplitudedisturbances.

• Localizeddisturbancesof sufficientamplitude are requiredto initiate the

short wavelengthroute to rotating stall. In other words, the phenomena

areessentiallynon-linear.

• Thecomputationsshowinstability occurringon thenegativelyslopedpart

of the overallcompressorcharacteristic,in agreementwith experimental

measurenlelltS.This is ill direct contrast to the predictionsof the modal

type of analysesin which the instability will occur at. the peak of the

characteristic.

• Closingthe rotor-stator gapsaroundthe rotor in which short wavelength

disturbancesoccursuppressestile growthof these,therebyimprovingcon>

pressorstability.

3. A concept,corrtponertt group, is deduced from tile conlputation results. The

growth or decay of short wavelength disturbances in a rotor is determined I)3"

the design characteristics of the isolated componerzt group consisting of tile rotor

and its neighboring stat.ors. The concept is deduced from the computed results

based on the model. Tile component group concept is then used to explain

why the short wavelength stall inception often starts in the first rotor. This

is because the componeut group (IGV-rotor-stator, or rotor-stator) involving

the first rotor is quite different from the component group (stator-rotor-stator)

ill tile rest of the colnpressor even though each stage has exactly the same

geometry and similar flow field. Therefore the first rotor has less (or none)

stabilizing influence from its upstream component. Each component group in

a compressor has its own instability point, and thus the point at which stall

occurs (i.e. propagating asymmetrical disturbances do not decay) via the short
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wavelengthroute is set by the most unstablecomponentgr<mpwhere large

amplitudedisturbancesarepresent.

4. Themethodologyhasbeenextendedto modelnon-linearthree-dimensionaldis-

turbam-esin high-speedcompressors.Preliminaryresultsshowthat themodelis

ableto representthe compressorresponseto non-linearunsteadydisturbances.
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Chapter 2

Development of A Computational

Model

A non-linear three-dimensional computational model will be developed in this chapter.

The model is aimed at. simulating three-dimensional finite amplitude disturbances

such as inlet distortions, short wavelength stall inception processes, and part-sI)an

stall cells, which are encountered by compressors. In the model development, the short

wavelength stall inception process is considered as a focus (and a major application)

of the model.

2.1 General consideration of the model

2.1.1 Desired Model Features

Based on observations of short wavelength stall inception, it was decided to develop

a model which could describe the general three-dimensional non-linear, short and

long wavelength disturbances in a multistage compressor on a quantitative level. The

model should at. the very least include the following:

1. A non-linear three-dilnensional flow field which includes

• flow redistritmtion between blade rows;
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• flow redistribution ill eachblade;

2. Tile responseof bladerowsto generalthree-(tinlensionalnon-lineardisturbances:

2.1.2 Simplifications of the Model

To make the model practicable in terms of currently available computational re-

sources, (i.e. to avoid tile need to resolve tile flow structure in each individual blade

passage), the following simplifications are made.

1. Infinite number of blades assumption. There are two considerations that should

be noted: (i) the phenomena of smallest length scale ml(ter consi(teration has a

length scale of several blade pitches, so that the l)resent assumt)tion is marginal

in being adequate to capture the key physics of these disturbances; (ii) the

resolution of flow field in every blade passage is not conlputationally feasible

with currently available computational resources. The adequacy will t}ms be

assessed and justifie(t a posteriori.

2. A local pressure rise characteristic in every slnall portion of a blade passage can

be defined. This aspect of the model is different from the other two-dimensional

and three-dimensional models [50, 45, 17], which assume that blade row (com-

pressor) performance is essentially set by the inlet conditions. It is essential for

a blade row t.o respond in a local manner, since flow redistribution is expected

within a blade row. This treatment is consistent with the infinite number of

blades assumption, and is thus good for a blade passage of high solidity.

Tile model is first developed for incompressible flow, and then extended to compress-

ible flow situations in Chapter 6.

2.1.3 Preliminary Justification of The Infinite Number of

Blade Assumption

The infinite number of blades assumption (which appears marginal for det.ermining

flow behavior associated with spikes) is also supt)orted by tile folh)wing observations:
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axial position axial position

Figure 2.1: The localized disturbance around a rotor blade row. The decay rate of

the disturbance can be affected by tile downstream stator.

(1) the shape of a spike is relatively stable (it does not vary as it moves at a speed

different from the blade speed); (2) its rotating speed is within tile range that could

be estimated using the inertia balance involving fluid in rotor, stator, and duct.

The General Electric E 3 compressor (Silkowski,1992) is taken as an examt)le to

estimate the rotating speed of a spike using the inertia balance concept. Experimen-

tal observations indicate that the disturbance is located in a rotor blade row. The

amplitude of the disturbance in the rotor is roughly constant, and decays in both

the upstream and downstream regions (as shown in Fig. 2.1). The dominant circum-

ferential wave number, ntis, is 20, since the width of a spike is about 1/20 annulus

and the behavior of one local stall cell and several (up to twelve) cells are similar.

The dominant radial wave number, 7_,_a, is estimated as one. Following Hynes &

Greitzer [35], the inertia of rotor, A, can be calculated using

A = b_/r cos 2 _

for the GE E a comt)ressor, as 0.23. The inertia of fluid in the blade free region can
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beestimatedusing
1

and that in the downstreanl stator can be estimated using

1 1
#-

COS')" "r 7_ra d
8p(17l

Tile flow inertia for the blade-free region of the GE compressor is 0.036, and that [or

a stator is 0.069. The rotating speed of this disturbance can now be estimated using

A

6d _ ._ (ZTroto r
]lupstream -Jr- #dau,nstreom -I-

The blade-free downst.reanl case gives a rotating speed of 0.76 rotor sI)eed, and the

zero rotor-stator gap ease gives a rotating speed of 0.69. Both values are reasonably

(:lose to the measure(l value of 0.71.

Tile flow in each infinitesimal blade passage can be reasonably assumed t.o be

axisymmetric and the effects of a blade row can be modeled by a body force field [46,

33]. It might be helpful to look at the current level of modeling by comparing it.

with other types of modeling. Figure 2.2 illustrates mo(tels with (tifferent levels of

complexity. The removal of the blade passage event makes the model of practical

value in terms of implementation, while inclusion of the three-dimensionality enables

the model to deal with three-dimensional disturl)ances.

The rest of tile chapter is devoted to discussing detailed modeling issues which

include (1) governing equations for each component in a compression system; (2)

body force fornmlation for a blade row; (3) implementation of the model for short

wavelength disturbances.

2.2 Modeling of A Compression System

A compression system, as illustrated in Fig. 2.3, consists of an inlet duct an exit duct,

blade rows, gaps between blade rows, a plenum, and a throttle. Each component will
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a)Three-dimensionalN-Ssolver
Pro:ableto solveflow structurewithinand
outsideof bladepassage,thereforeto link
rotatingstallwith bladepassageevents,
Con:needof demandingcomputational
powermakesthemethodimpracticalbased
onpresentcomputationalresources.

b)Three-dimensionallocallyaxisymmetricEuler
solverwithbodyforce,thecurrentmodel.
Pro:ableto solveflow structurewhichis
largerthanbladepitch;computationally
feasible;
Con:cannotlink bladepassageeventsto stall
inception;

c)Two-dimensionalactuatorduct
Pro:modelcanbeformulatedintoan
eigenvalueproblem
Con:two-dimensionalflowonly

d)Two-dimensionalactuatordisktheory
(Moore& Greitzermodel)
Pro:adequateto describetwo-dimensional
longwavelengthdisturbances,ableto be
formulatedintoaneigenvalueproblem
Con:two-dimensionalincompressibleonly

Figure 2.2: The comparisonof the complexityof the currentmodel (b) with other
models.
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axisymmetric Euler

with body force

i I

up+_tream ".... ,, i_ dowm, tream

+o+, i+,,+,.++i

_' _ [ I Ihrottlecomputational domain plenum

Figure 2.3: Illustration of a compression system and the blade row modeling

be described in the following.

2.2.1 Flow in Ducts

Flow in the inlet duct, exit duct, and gaps is described by the unsteady three-

dimensional incompressible inviscid Euler equations. The conservative form of the
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setof governingequationcanbewritten as

0

0 rt;. O

Ot rI,? cgx

rl,;

rI; 2 + rP/p

rill;

0

+oo + p/p

rI,;I,;

rI"oI,;

rI,_ + rP/p

0

0

+ P/r,

(2.1)

2.2.2 Flow in Blade-rows

Since the number of blades is infinite (or the length scale of flow events is much larger

than a blade pitch), the flow at each circumferential position (or at each infinitesimal

blade passage) can be regarded as axisymmetric flow in a coordinate frame fixed to

the blade row. The pressure rise and flow turning due to blades can thus be simulated

by' a body force field. Due to presence of the blades, the flow fields between any two

blade passages can be different, therefore a three-dimensional flow field in a blade

row can be composed of an infinite nmnber of axisymmetric flow fields. The idea is

illustrated in Fig. 2.3. The governing equations in the absolute frame can be written

as the following form:
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0

(_

(]

rl:b

rl;

0

+ Ox

r'I 7 + rP/io

rifle

0

+07
rl_H

rI2 + rP/p

0

_,o + Fe

Io2+ r'/o + Fr

where

(v,, re, v_) = F(V(x, O,r), .r, ,-)

The equation set, is derived through the following steps:

('2.2)

2.3)

1. Transforln Equation 2.1 into tile blade row relative frame (i.e., the rotating

flame for the rotor) using

_-_ sta_ionary (9 blade
rOW

(2.4)

2. Remove all 0/00 terms in the equation set,;

3. Tranform the equation back to the stationary flame using

O O u

= (_ + _b-a)
-_ blade row statioT_ary

(2.5)

The first two steps are to obtain the axisymmetric flow equation set, in the frame

which fixed on the blade row. The equation set, is then transformed to the stationary

frame.
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The operator O/Ot + [_ 0/00 in Eq. 2.2 is the result of tile transfornlation of O/Ot

from the relative frame to the stationary fiame. The _1 c)/O0 represents the effects

of a flow field which moves with the rotor and is viewed from the stationary frame.

In the momentum equations, the corresponding terms are referred to as the inertia

terms [50, 51, 35]. A significant feature of the current body force representation

(Eq. 2.3) is that it is a flmction of local flow properties. This is essential to model

short wavelength disturbances ill compressors where flow redistribution occurs in a

blade row in the presence of these disturbances. The details on the formulation of

this type of body force is presented in a separate section in this chapter.

2.2.3 Plenum and Throttle

Following the treatinent by Greitzer for a one-dimensional model (Greitzer, 1975),

the fluid in the plenum is considered as uniform and isentropic. The dynamics of the

plenum can be described t)3' the folh)wing equation

dP 7 P
- -m,) (2.6)

dt p I'r,t_,,_,,,

where mc is the mass flow rate from the compressor and me the mass flow rate through

the throttle, and I_,l_,,_m the volume of the plenum.

The throttle pressure drop is given as

P -- Pambient _ i£t02 (2.7)
pU 2

Since the plenum has little effect on the early development of short wavelength

disturbances, the plenum volume can be sat to zero and it is done so here. Thus the

governing equation for plenum and throttle becomes

Pexit- Pambient = Kt¢2 (2.8)
pU'2

where P_it is the static pressure at the exit of the computation domain.
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2.3 Construction of A

Rows

Force Field Within Blade

The requirements on the body force field are

• in steady axisymmetric condition, the body force should be capable of repro-

ducing the required pressure rise and flow turning;

• tile body force should be capable of responding to the flow disturbances for

both the steady situations (e.g. inlet, distortions and unsteady flow situations.

The body force field is formulated from the following given the compressor char-

acteristics.

• Pressure rise characteristic _(O, r) in each blade row;

• Exit relative flow angle 9,,_(r);

• Blade metal angle (or nominal angle along which the flow is expected to fi_llow)

distribution ,:'_,_t,_(x, r)

Sometimes I1Ot all of the required data are available, and thus some extrapolation is

inevitable.

It should be noted that the way of constructing a body force field is not unique,

nor is the body force itself for the given requirements and available data. The princi-

ples of construction of a body force field will be illustrated through a real compressor

which is used as a test bed by the model.

The available data of the GE compressor are listed in the following:

• Compressor configuration and its geometry (end walls, blade rows, etc.).

• Blade row inlet and exit metal angles (or nominal flow angles) which will be

• used to form the body force which turns the flow.

• Stage total-to-static pressure rise.
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Figure 2.4: The characteristics of tile rotor and stator of the first stage are con-

strueted. Only the right-to-the-peak portion of the stage characteristic is measured.

• Exit flow angle profiles at several operating points.

From the input data, tile body force can be formulated through the following

steps:

Step 1: Formulation of the full range of blade row character-

istics

The goal of this step is to determine the total-to-total pressure rise characteristics for

each blade row in the whole operating range. More pre(:isely, we are looking for tile

pressure rise characteristics in the following form:

q_. = _.(0, r)

for each blade row.

53



Rotor Stator

Psl _ Ps2 _..,. Ps3Pti Pt2 Pt3

V! _U V2 _ V3

Figure 2.5: Notationsof total, static pressure,andvelocityat therotor inlet, rotor-
stator gap,andstator exit.

The measuredpressurerisecharacteristicis total-to-static pressurerisecharac-

teristic on the stableside. First.,a total-to-static pressurerisecharacteristicin the

wholeflow rangewill be constructed. The pressurerise at zero flow coefficientis

determinedfollowingDay'smeasureddata in low speedrigs [8],and the reverseflow

characteristicis a steepstraight line wherethe associatedslopeis determinedfrom

the modelof Koff and Greitzer [39]. Connectingtile zero-flow-coefficientpoint and

stall point givesthe stagepressurerise characteristicin the whole flow coefficient

range.

The bladerowcharacteristiccanbeobtainedby assumingastator losscharacter-

istic. Nearthe designoperatingpoint, the lossis small (couldbe roughlyestimated

from compressorefficiency').It. is reasonableto state that the total-to-total pressure

lossof the stator at zero-flow-coefficientis 0.5. This can be obtained through the

followingargument.Nearzeroflowcoefficientpoint, thestatic pressuresat the rotor

inlet, rotor-stator gap,and the stator exit (Fig. 2.5) are the same,sincethe flow in

the rotor andstator is at rest. The velocityat the rotor inlet and stator is zero,and

the velocityin the gapis the wheelspeedof the rotor. Thuswehave:

and

= = 0
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I) = U

The notations used here are ilhlstrated in Fig. 2.5. Therefore, the total-to-total

pressure rise across the stage, rotor and stator are

rt3 - Ptl
=0

pU'e

and

Pt2 - Ptl

pU 2
- 0.5

Pt3 m Pt2
- -0.5

pU 2

The above argument is based on two-dimensional steady flow analysis. The small

pressure rise produced by a real compressor at zero-flow-coefficient has to be at-

tributed to the unsteadiness and three-dinlensionality of the real flow. Connecting

the loss at design flow coefficient and loss at zero flow coefficient gives the whole range

of stator loss characteristic. The rotor total-to-total pressure rise is the sum of the

stage pressure rise and stator loss.

So far, the overall total-to-total pressure rise characteristics of the rotor and

stator have been obtained. The final sub-step is to find the radial variation of the

pressure rise. The measurements from the GE four-stage compressor show that the

axial velocity profile is kept roughly uniform up to near the stall point. This fact

will be used to estimate the radial variation in the static pressure profile using the

simple radial equilibrium equation. And the total pressure rise profile along the radial

direction can be calculated from the static pressure profile and the velocity profile.

At the design point, the flow is assumed to be near a free-vortex pattern, so the total

pressure rise characteristics for different radial positions approximately go into one

point. The pressure rise at other operating points is estimated using interpolation or

extrapolation based on the mean pressure rise characteristic and the radial variation

at. the design point and a point near the peak.
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Step 2: Determination of a streamline pattern through a blade

row

This step is requiredsothat flowequationscanbeappliedalongstreamlines.During

thisstep,thecontinuity is theonly guidelinethat canbeused.FortheGEcompressor,

which is a high hub-to-tip ratio comt_ressor,it is assumedthat all streamlinesare

approximatelyill the axial direction ill the full flow range,sincemeasurelnentsshow

that the velocity profilesarekept roughly uniform up to a point near stall. This

approximationwill beusedin the next stept.oformulatethe body forcefor the GE

compressor.

Step 3: Determination of body force along each stream line

The goalof this step is to transformthe pressureriseacrossa blade row to a body

forcefield whichCallbe usedin the computationalinodel.

It is reasonableto set F_ to zero, since the blade span is roughly ill the radial

direction.

The blade row characteristic is described by two pieces of inforination: tile total

pressure rise and the flow t.urning. It is therefore desirable to have two pieces of body

force which can produce two pieces of blade row characteristic separately. In other

words, the body force can conveniently be split into two parts:

F = Fp, + Fturning (2.9)

Such a fornmlation is possible because tile streamlines ill tile meridional plane are all

parallel and in the axial direction (for the GE compressor). The following will show

that it is possible to have an axial body force which only produces total pressure rise

and the rest of the body force turns the flow.

The total pressure rise rate along the axial direction can be written as

dP, dP dt _ I _ dI _
dx - dx + I'_ _ + d:r
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Since1) is constant (to satisfythe continuity condition), tile aboveexpressioncan

bewritten as

dPt dP .. dl, o
dx - dx + t o

dP dI "o
= d--x-_+ tan .31 _ dx

Applying the molnentum equations give tile following equations:

1 dP
F_r -

p d:r

Fo = P d.r

One can now define

(12.1(I)

1 dPt
Fr,,x - (2.11)

p dx

Equation '2.11 states that only, an axial body force is needed to produce total i)ressure

change. Since Fp t 0 = 0, Fp_ thus does not. cause any flow turning. The remaining

part of body force only produces flow turning, and can be written as

Fturning, x = -- tall/3 Fo

Fturnmg,o = Fo

Indeed, the above part. of body force is normal to the flow (tirection, therefore it. will

not affect total pressure. Tile total body force can now be expressed as

rx -- FPt ,x -1- f turning,x

r 0 = fturning,O

F_ = 0

(2.12)

The advantage of using this kin(1 of fornmlation is that two parts of the body

force directly correspoiM to the available measurements, pressure rise characteristic

and turning.

The details of calculating the each piece of body force from the given blade row
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leading trailing
edge edge

Figure 2.6: The C_ distribution from leading edge to trailing edge.

characteristics will be described as follows. Fpt,x must satisfy the following equation:

f trailing edgeAPt = P leodin9 edge Fp,,xdx (2.13)

The FF_,_ distribution from leading edge to trailing edge can be obtained by assuming

a distribution timer.ion C,(x) which satisfies

_oiti,_o _dg_C_(x)dx = _Pt (2.14)
f x leadln9 ed9e

where f, is only a fimction of ¢ and r (i.e. F_, p, = fxC(:r)). The C,(x) used in

the GE compressor is shown in Fig. 2.6. The shape of Cx is chosen for the following

computational reason: C, becomes zero at the leading edge and trailing edge, so

that the pressure rise at. the leading edge and trailing edge has a smooth transition

between blade region and blade-free region, therefore numerical oscillation is greatly'

reduced around these edges.

It is reasonable t.o assume a detect-correct type of fornmlation for Fu,,.,,i,_g which

would continuously act to enforce the flow t.o be tangential to the blade inetal angle

(or a nominal flow angle).

Fturning,O ' = Cop(tan 3,,,e_ot - tan ./3)I _2 (2.15)

where Co is a constant that will be calibrated to give a measured exit flow angle at the
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Figure 2.7: Computed I_ profiles compared reasonably well with measured I0 pro-

files at design and near stall flow coefficient.
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designpoint. OnceYturnmg,8 is obtained, Ft_,r,_in_,.r can be determined from the fiwt

that Fturmng is orthogonal to V. This type of body force worked reasonably well for

the GE compressor. Fig. 2.7 shows the measured and computed tangential velocity

profiles at the design and near stall flow coefficients of the GE compressor using the

body force just described. The results show that the formulation can give not only

the right flow angle at design point through calibration, but also a correct trend at

an off-design 1)oint.

The procedure includes several assumptions. For example, a streamline pattern

has to be assumed, and then the body force iscalculatedbased on the assume(l

streamline.Itisexpected that the streamlinesproduced by the body forcefieldwill

be different from those assumed. In some cases (like the high hub-to-tip ratio GE

compressor) the difference is minimal; however, the difference couht be quite large

for a low hub-to-tip ratio fail since flow redistribution within a blade row can be

considerable. In that case, the body force has to be modified based on the computed

streamline pattern.

2.4 Implementation of the Model for Simulating

the Short Wavelength Stall Inception

There are three issues to be discussed in this section.

• initial disturbances

• deter,nination of stall point

• determination of stall inception type

These issues are unique for cah'ulating a compressor instability point which is a key

application of the model. These issues are discussed one by one next.
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Figure 2.8: Experimental evidence of tip-spikes prior to the development of stall at

time=0. The pressure traces, from sensors at different circumferential positions at

the first rotor exit, are shifted relative to first trace so that disturbances traveling at

Tl% of rotor speed line up vertically. Guide lines identify propagating spikes. [56]
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Figure 2.9: Axial body force impulse used to generate spike-shaped disturbances.
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2.4.1 Disturbances

Any instabilities have to be initiated from background disturbances which would

normally be absent in computations; therefore disturbances have to be part of the

input to the computational model. It has been shown that large amplitude short

length scale disturbances do exist in a compressor prior to stall [56], in addition to

small amplitude, long wavelength disturbances. Therefore, both types of disturbances

are used in the simulations. Long wavelength disturbances, extending through the

whole compressor, are imposed as an initial condition. Their amplitudes are always

less than 1% of the mean velocity. In the simulations performed later, this type of

disturbance can be used to determine the long wavelength modal type stall point.

Short wave length flow disturbances are generated by imposing an axial force

impulse in the tip region of a selected blade row. The shape of a typical force impulse

is shown in Fig. 2.9, and the force impulse lasts for 0.1 rotor revolutions (the only

consideration in choosing this value is it has to be much smaller than the time scale

of stall inception.) This type of disturbances is used to excite short wavelength

instability. For the baseline case, the amplitude of force impulse is equivalent to a

30_ loss in the pressure rise within the local blade passage. The chosen value is

rather arbitrary, and the effects of the amplitude will be examined in the parametric

studies in Chapter 4.

2.4.2 Determination of The Stall Point

Once a disturbance is imposed on a steady flow field, its evolution determines if

the compressor's flow field is stable. If the disturbance decays, then the flow in

a compressor is stable, and a similar simulation at a lower flow coefficient will be

performed. The stall point is determined bv repeating the above simulation until a

disturbance does not decay.

During each simulation, the throttle is fixed. Contimmus changing of throttle is

avoided because any numerically acceptable throttle change rate is much faster than

that used in experiments.
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Figure 2.10: Computed 0 traces wh(m a compressor stalls through short wavelength
disturbances.

2.4.3 Determination of The Stall Inception Type

The question to be answered is whether short wavelength stall inception can be dis-

tinguished from long wavelength stall inception. For the GE four-stage compressor,

the two types of stall inception can be recognized by observing the development of

disturbances.

Figure 2.10 shows a typical short wavelength stall inception process from a simu-

lation. The spike-shaped disturbance is sustained and augmented after it is inserted,

and then triggers a long wavelength stall cell. Figure 2.11 shows that the spectrum is

flat at the beginning, and lasts for about one rotor revolution before the low harmonic

contents take over.

In contrast, a modal-stall compressor (the GE compressor with its IGV stagger

angle increased by 20 degrees) does not show short wavelength stall inception even

if a spike-shaped disturbance is inserted. As shown in Fig. 2.12, a spike-shaped

disturbance is suppressed ahnost immediately after it is inserted, and the compressor

stalls through the long wavelength disturbances. The spectrum of disturbances, shown
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Figure 2.11: Evolution of Fourier coefficients of computed I_ shows a spike-shaped

disturbance is sustained by the system, and causes the compressor to stall afterwards.
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Figure 2.12: Computed I) traces when a compressor stalls through long wavelength
disturbances.
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Figure 2.13: Evolution of Fourier coefficients of computed t_ shows a spike-shaped

disturbance is suppressed after it is inserted into the systeln. The compressor stalls

afterwards through long wavelength disturbances.

in Fig 2.13, shows that the flat. spectrum disappears ilnnmdiately afl.er tile force

impulse stops. The 0 traces (Fig. 2.12) and spectruln (Fig 2.13) do not show a

typical modal stall inceptioll which can be explained as a consequence of the nonlinear

nature of the initial disturbance. The modal stall type is calculated by ilnposing a

long wavelength disturbance into the compressor. As shown in Fig. 2.14, a clearly

exponential growth of the first harmonic Fourier coefficient can be seen. The modal

type of this compressor is confirmed by the observation that the compressor stalls at.

almost the same flow coefficient for either imposing spike-shaped dist.urbances or long

wavelength of disturbances.

Therefore, the spike-shaped short wavelength disturbance can be used to deter-

mine the type of stall inception mechanism, as well as the stall flow coefficient of

a compressor. In the rest of the thesis, the type of stall inception and stall flow

coefficient is determined by observing the evolution of an inserted spike-shaped dis-

turbance.
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Figure 2.14: The compressor which does not support short wavelength disturbances
shows a clear modal wave evolution of first harinonic.

2.5 Numerical method

The solution procedure for the governing equations for the compressor xnodel is based

on a standard finite volume for spatial discretization and the multi-stage Runge-Kutta

nlethod for tilne integration [38]. In order to use time marching for inconlt)ressible

10Dflow, a pseudo-compressible technique is used. The technique adds a _ _ term into

the mass conservation equation. The constant c is referred to as pseudo-speed of

sound. To reflect the incompressible nature of the current problem, the pseudo-speed

of sound, c, is kept at least ten times larger than the mean flow coefficient 0, so that

the pressure wave speed is ten times more than the vortical disturbance prot)agation

speed. In all the Immerical experiments that have been implemented in this thesis,

the influence of c on the computed results is negligible when c is taken to be larger

than 100.

The flows within blade row and duet regions are compatible with one another

in the comtmtational domain. This will be elucidated in the following. Figure 2.15
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Figure 2.15: Illustration of fluxes evaluation around a cell in the blade row region

shows tile fluxes through a computational cell in the blade row region. The role of

blades is to block (or force) the fluxes through the constant 0 face (in the shadowed

area). More specifically, if the cell is in a stator blade row, there is no flux through

0 ,
that. face, and if the cell is in a rotor blade row, the flux is evaluated using f_ Nt/.

The term can be viewed as the mass and momentum that are forced into the cell by

tile moving blades. Tile fluxes on other faces can be evaluated in tile way used by

Jameson [38]. The interface between blade row region and duct region is the constant

r (or r = f(z)) face; the fluxes on that face can be evaluated by tile same method as

is for the three-dimensional flow region. Thus coupling the two types of flow region

will not cause any incompatibility problem.

The inlet and exit boundary conditions are standard one-dimensional linearized

boundary conditions [19]. The exit static pressure of tile computational domain is

updated every iteration using the plenum-throttle equation.
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2.6 Summary

A non-linear three-dinwnsional c()mputational flow model for an axial compressor has

been presented. Tile model emphasizes the three-dimensional unsteady response of

blade row to general three-dimensional non-linear flow disturbances.

Tim implementation of stall simulation is discussed. It, is found that a spike-

shaped dist, urbance is necessary to initiate a short wavelength stall inception. Ex-

perimental observations show that this type of disturbances do exist, prior to stall.

Sinmlations also show that imposing a spike-shaped disturbance can be used to iden-

t,i_ the types of stall inceptioll by observing its development.

68



Chapter 3

Model Assessment

This chapter is focused on assessing the capability of the model developed in the t)re-

vious chapter. The assessment consists of applying the model to tile flow situations,

which have either analytical solutions or experimental measurements. Specifically,

the following flow situations are considered.

(1) Flow in a compressor with two-dinlensional inlet distortion. Due to the re-

sponse of the compressor to the inlet distortion, the distorted inlet flow is redistributed

in the upstream duct. The response of a compressor to an inlet distortion is all ideal

situation to assess the ability of the model to describe response of a compressor to

finite amplitude disturbances. While the imposed distorted flow is steady, part of

the response of the conlpressor associated with the rotor blade rows (which would

perceive an unsteady flow in the rotor reference frame) would be mlsteady. Thus this

also provides an opportunity to assess the unsteady aspects of the model.

(2) Behavior of two-dilnensional small amplitude disturbances in a compressor

(linearized stability analysis of compressor response to two-dimensional infinitesimal

disturbances): The phase speed and growth rate of this type of disturbances can be

calculated by a linear analysis [35]. The model gives results that agree with the linear

analysis for small amplitude disturbances.

(3) Behavior of a small amplitude first harmonic disturbance in a three-dimensional

compressor (Linearized stability analysis of compressor response to three-dimensional

infinitesimal disturbances): This example shows that. the nlodel can also produce an
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equivalentbehaviorof a modalwavecalculatedusinga t.hree-dinmnsionalactuator

disk model [24].

(4) Short wavelengthstall inceptionin a GE four-stagecompressor:It will be

shownthat themodelcaptureskey'featuresof the inceptionprocessandits subsequent

development.

(5) Shortwavelengthlocalstall cellsin a mismatchedcompressor:Thesituation

consistsof a "progressive"stall region,wherethe spike-shapedlocal stall (:ellsare

localizedin the first stageandin anequilibriumstate,thereforetheexampleprovides

anopportunity to assessthe modelquantitatively and on a rigorousbasis.

(6) "Unique rotor tip incidence"for short wavelengthstall inceptionand switch

of stall inceptiontypes: The recentexperimentalresult of Camp and Day [5] shows

that a compressor stalls through short wavelength disturbances at a "unique rotor

tip incidence", and that the stall inception can switch from short wavelength type to

the long wavelength type as the rotor loading is reduced.

3.1 Two-Dimensional Steady Flow Field with Inlet

Distortion

The model is used to calculate the steady flow field around a comt)ressor with an inlet

distortion, and the result is (:ompared with the theoretical model of Hynes and Gre-

itzer [35]. A large inlet distortion can be considered as a finite amplitude disturbance,

thus the example assesses the ability of the model t.o simulate the behavior of finite

amplitude disturbance in a compression system. An inlet distortion calculation is a

good preliminary case to assess a compressor model because (1) it. is non-linear due t.o

the large amplitude disturbance involved, (2) it involves flow unsteadiness since the

steady inlet distortion is unsteady when viewed from the frame of rotor blade rows,

(3) it is relatively easy to conduct a quantitative comparison since it is steady in the

stationary frame.

The compressor used in this case is a two-dimensional compressor (i.e. a con>
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Figure 3.1: The total-to-static pressure rise characteristic used in Section 3.1 and
Section 3.2.

pressor with a hub-to-tip ratio of near unity so that the blade span is zero) with a

180°-sector square wave total pressure distortion at a far upstreanl location. The

pressure rise characteristic, shown ill Fig. 3.1, is taken from Hynes and Greitzer's

paper [35]. The total inertia parameter, 1_, is 2.0, and the rotor inertia parameter, A,

is 1.0.

The current model is slightly modified to fit the hypothetical case. Specifically,

only one (:ell is used in the radial direction, and the compressor is lumped and rep-

resented by one locally axisymmetric flow region with a body force fieht. The inlet

distortion is represented by a specified total pressure distribution at a far upstream

inlet boundary. The figure of merit is the 0 profile at the COlnpressor inlet face at a

specific flow coeffMent. The flow field, more specifically the contraction of the dis-

totted flow region near the compressor front face, is illustrated by the total pressure

contours (Fig.3.3) which are equivalent to streamlines in the upstream region of the

colnpressor.

The ¢ profile is plotted in Fig. 3.2. There is an excellent match between the

analytical result and computed result. The computed result shows that most of the
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Figure 3.2: I_,, distribution at compressor inlet face. Tile solid line is (:omlmted by

the computational model, and the (lash line the analytical model.

flow redistribution occurs near the comt)ressor inlet. As shown in Fig. 3.4, the 0

profile at the compressor inlet is noticeably different than the 0 profile at the location

just one (:ell (0.0016 radius or about 0.2 rotor chord) upstream of the rotor leading

edge. The rapid change is associated with high decay rate ill the high harmonic

content of the response produced by the compressor.

The above computed behavior of the flow field can be used to explain the mea-

surements in a real situation [59]. Figure 3.5 shows the measured _ profile ill front

of the SGV (Servo Guide Vane which is used to suppress pre-stall waves) of a three-

stage compressor (Fig. 3.6). The SGV has a long chord and large blade pitch, so high

harmonic content decays within the SGV region.
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Table 3.1: A comparison between compute(l and theoretic growth rates and phase

speeds of the first (:ircumferential mode.

Growth rate Phase speed

Computational model -0.26 0.27

Theoretic model -0.26 0.27

3.2 Two-Dimensional Modal Wave

We next. examine small amplitude disturbances in a two-dimensional compressor. The

compressor is the same as the one taken from reference [35]. At each operating point,

each mode has a growth rate and a phase speed predicted using the Moore-Greitzer

analysis. The computation is set up in the same way as in the previous section. At

a select operating point, a small amplitude first harmonic axial velocity disturbance

is inserted into the system at t=0. The evolution of the harmonic determines its

growth rate and phase speed, which are the key figures of merit in the comparison.

The results from analysis and computation are listed in Table 3.1. The agreement is

excellent.
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3.3 Three-Dimensional Modal Wave

In this section, the growth rate and phase speed of a linear wave is calculated bv

the computational method and an analytical method. The analytical method, which

was developed by, Gordon [24], uses an actuator disk to represent a compressor. The

stability calculation involves the solution of an eigenvalue problem formulated by

subjecting the compressor steady flow to an infinitesimal flow disturbance (i.e., it

is essentially the three-dimensional equivalent of the Moore-Greitzer model). The

computational method is implemented by imposing a small amplitude first harmonic

disturbance into the system. The growth rate and phase speed are obtained from the

computed evolution of the disturbance. The compressor is similar to a single stage

fan with a hub-to-tip ratio of 0.43. The pressure rise is one third of the previous

compressor, its rotor inertia is 0.25, and total inertia 0.5. Table 3.2 shows the com-

parisons between the results calculated by computation and by analysis. The results
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Table 3.2: A comparisonof growth rateand phasespeedconltmtedusingthe com-
tmtational modelan<tanalyticalmodel.

Growth rate Phasespeed
Comlmtationalmo<M -0.11 0.1

Analytic inodel -0.1 0.1

areagainin goodagreement.Tile t)hasespeed(0.1rotor sI>eed)is relatively low for

this compressorbecausethis is a singlestagecompressorso that the rotor inertia,

which drivesthe rotation of disturbances,is relativelysmall.

Sofar, the resultsshowthat thecomputationalmodelfor stall inceptionis equiv-

alentto linearizedeigenvalueanalysesfor smallamplitudedisturbances.However,the

computationalmethodshowslittle advantagein thosesituationswherelinearizedsta-

bility analysisis apt)licable.The strengthof the model liesin its ability to c<)n_i>ute

three-dimensionalnon-lineardisturbances,andthis aspectwill next be(tenmnstrated.

3.4 Simulation of Stall Inception of A General Elec-

tric Four-Stage Compressor, Matched Build

The short wavelength stall incet)tion will be sinmlated in this section. The example

presented represents a first-of-a-kind results on short wavelength stall phenomena

in a multi-stage compressor. A General Electric four-stage comt)ressor [71], which

consistently shows short wavelength stall inception in the experiments, was chosen as

a test case for the computational model. Design parameters of the compressor are

listed in Table 3.3. The compressor consists of four identical stages with an IGV at

the front.

In tile computation, the compressor is represented by individual blade rows and

gaps. The computation domain thus includes one IGV, four rotors, four stators, eight

gaps, inlet and exit ducts, as shown in Fig. 3.7.

256 cells are used in tile circumferemial direction to ensure that a typical short

wavelength disturbance is sufficiently resolved (by 10-14 cells). There are nine <:ells in
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Table 3.3: Thedesignparametersof GeneralElectric four-stagecompressor.

Numberof blades
Axial chord(in meanradius)

Staggerangle(degrees)
Solidity at nfiddle span

Hub-to-tip ratio

IGV Rotor Stator

110 54 74

0.10 0.086 0.10

10 50 40

1.4 1.16 1.43

0.85 0.85 0.85

the radial direction, and over 200 in tile axial direction. The overall number of cells

is over half a million. The details of the mesh in the computational domain are listed

in Table 3.4. Although the number of cells along the span appears relatively small, it

is selected due to the following three reasons: (1) it yields a reasonable aspect ratio

of cells on tile (0, r) plane, (2) it is enough to resolve the first two radial harmonics

which should be sufficient for a part-span low velocity region at either tip or hub, (3)

tile use of much finer mesh (ahhough it is usefifl to study grid independence of the

results) would require an unreasonable amount of computatioual resources.

A formal grid independence study was not performed due to the limitation of the

available computational resources. Calculations were performed for the same com-

pressor with half the number of cells in circumferential direction. The phenomena are

qualitatively comparable to the results using the final mesh. The mesh is considered

sufficient based on the following reasons: (1) tile results compared well with exper-

imental observations, (2) the number of (:ells used to resolve the phenomena (short

wavelength disturbances) is more than ten in all three dimensions.

The body force fields of rotor and stator are formed from the specified charac-

teristics (Fig. 3.8), and nominal blade angle. The portion of the characteristic to the

right of the peak is taken from the experimental measurements. Tile unstable portion

(to the left of the peak) of tile characteristic is specified based on the curve shape

used in the two-dimensional compressor modeling [50, 35]. The details of the body

force formulation have been discussed in Chapter 2.

Two types of initial disturbance are used in tile simulation. One is a small

amplitude long wavelength disturbance, the other a spike-shaped axial force impulse
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Table 3.4: The computationalmeshdistribution usedin the simulationof tile GE
four-stagecompressor.

Total numberof (:ellsin axial direction 230
57cellsin the inlet duct
10cellsin the IGV
10cellsin the IGV-R1 gap
10cellsill eachrotor
10cellsin eachstator
4 cellsin eachrotor-statorgap
45(:ellsin the exit duct

Numberof (:ellsin the spanwisedirection 9
Numberof cellsin the circumferentialdirection 256
Total numberof (:ells 529,920

(seeFig. 2.9) that lasts for 0.1rotor revolutionsand hasa nlagnitudecorresponding

to a lossin 30(7(.of pressurerise of one bladepassagein the tip regionof the first.

rotor bladerow.

The figuresof merit for the modelare the type of stall incet)tion,the rotational

speedof disturbance,and the transition time from the initiation of the disturbance

to the formationof a largestall cell.

Tile simulationshowsthat tile short wavelengthstall inceptioncanbe initiated

by a spike-shapeddisturbance. The flow coefficienttraces (Fig. 3.10), taken from

the tip regionof first, rotor inlet.,showthat the disturbanceis sustained,and the

disturbanceleadsto comt)ressorstall subsequently.The overall inceptionis similar

to the measurements(Fig. 3.9). The spectrumof computed0 in the tip region of

the first rotor inlet shows the same process (Fig. 3.11), during which the nearly flat

Fourier coefficient distribution is sustained and followed by a subsequent growth of

lower harmonic contents.

The different nature of the stall ineet)tion initiated by two types of disturbance

is fllrther confirmed by plotting the stall points on the characteristic (Fig. 3.12). The

short wavelength stall inception occurs at a higher flow coefficient point where the

slope is clearly negative, while the modal tyl)e stall inception occurs at. a lower flow

coefficient which is very (:lose to tile peak of the characteristic.
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Figure 3.7: A scaled s('hematic of the GE compressor ret)resented by nine blade

rows and eight gaps.

Table 3.5: Comparison between computation and measurenmnt

Measurement Computation

Stall Inception Mechanism Spike Spike

Rotating Speed of Spike 70-73% 83%

Rotating St)eed of Large Stall Cell 45% 20_7(

Transition Time about 3 revs about 2.7 rev

A quantitative comparison shows that the stall inception initiated by spike-

shaped disturbance has an initial disturbance rotating speed of 83% of rotor speed,

and a transition time of about three rotor revolutions. These compare reasonably

well with the experimental observation. Comparison with experimental observation

is given in Table 3.5. The rotational speed of the stall cell drops as a large two-

dimensional stall cell emerges. The computed rotational speed of the final large stall

cell is about 20% which is less than half of the measured value of 45% rotor speed.

The cause of the difference is not clear. It is suspected that the blade row charac-

teristics at very low flow coefficient region (near zero flow coefficient) used in the

computational have a large error. Since the flow coefficient within a large stall cell

is around zero. However, inaccurate blade row characteristics are not expected to

change the phenomena related to short wavelength stall inception. The effects of the

shape of unstable part of blade row characteristics will be examined in Chapter 4.

Although the computation captures the overall features of short wavelength stall

inception, the evolution towards a large stall cell is different from the experimental ob-
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Figure 3.8: Stage characteristic of GE {:omt)ressor.

servations. The simulation shows that a long wavelength disturbance trails tile short

wavelength disturbance, and becomes dominant after one to two rotor revolutions.

Along with the growth of the long wavelength disturbance, the initially dominant

spike-shaped disturbance dies out. The cause of this fast emerging long wavelength

disturbance can be found through examining the disturbance deveh)pnmnt at differ-

ent blade rows (Fig. 3.13). It. appears that a long wavelength disturbance that is

triggered by the short wavelength disturbance at the front stage, starts to grow in

stage three after it attains a threshold amplitude. Since tile long wavelength only

appears in certain axial locations, it must have a three-dimensional structure. At be-

t.ween t.=2.25 to 2.5 rotor revolutions, the non-linear three-dimensional disturbance

(Fig. 3.13) located around the third stage develops rapidly in all directions, and within

one rotor revolution it becomes a large two-dimensional stall cell. At this stage, it

is difficult to assess the simulated results against the experimental data which now

show a somewhat ambiguous behavior. Tile measured velocity traces indicate that

the short wavelength disturbance leads the long wavelength, but it does not leave the

long wavelength disturbance, instead, it. becomes part of tile final stall (:ell.
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spike-shaped disturbance. The compressor is a single-stage eonfignration of tile GE

compressor.

Since no data were taken from the rear stages in the experiment, and the data

taken from tile first stage cannot indicate any early development of three-dinmnsional

long wavelength disturbances in the rear stages (due to a high decay rate in the

upstream direction), it is unknown whether there is a long wavelength disturbance

development prior to that of the first stage. In the simulation, the separation of

the spike-shaped disturbance from an emerging long wavelength disturbance might

be explained due to the relatively large differences between the rotating speed of

spike-shaped disturbance (83_,) and the rotating speed of long wavelength distur-

bance (about 20%). In the real compressor, the separation might not have happened

before a large stall cell forms, because the difference of rotating speed between initial

disturbance (70-73_:) and final long wavelength disturbance (45%) is smaller.

The difference in the development of short wavelength disturbance during the

emerging of large stall cell (:an be viewed only as a different route to the final stall

cell. The nature of the instability is still due to the initial growth of short wavelength

disturbances. The statement is supported by a numerical sinmlation for a single stage
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configurationfor tile samestagein theGE(:omt)ressor.Tile velocitytraeesareshown

ill Fig. 3.14,in whicha spike-shapeddist.urbanceclearlygrowsinto a largestall ('ell.

Tile differentroutest.otheemergenceof tile largestall cellfor tile samestall inception

inechanismwill be further discussedin Chapter5.

3.5 The GE Four-Stage Compressor, Mismatched

Build

Tile experiment reported by Silkowski [60] shows that the growth of short wavelength

disturbances can be prevented from developing into a full-span stall cell by mismatch-

ing the compressor. The compressor could operate without substantial deterioration

in pressure rise, while one or several spike-shaped stall (:ells exist in the first, stage.

Each local stall (:ell couht be viewed as a certain stage of a stlort wavelength dis-

turbance during the evolution of compressor stall. This provides an opportunity to

examine the behavior of short wavelength disturbances, since the flow situation is

now stabilized ill an equilibrium state.

Tile computational nlodel was used to implement a sinmlation that reproduced

tile ext)erimental observation, and tile assessment of computed results against mea-

sured results can be on a quantitative basis. The case is ideal for assessing tile current

model since (1) tile existence of an equilibrium state of the local stall cell pattern

makes it possible to compare the structure of a spike-shaped stall cell between tile

results from tile computation and measurements; (2) tile progressive stalling charac-

teristic provides an opportunity to assess the overall effects of local stall cells on the

pressure rise characteristics.

Tile General Electric E a four-stage low-speed compressor, which has the sanle

configuration and blading as the compressor in the previous section, was mismatched

by re-staggering the rotors in stages two to four, so that the rear three stages have a

lower peak pressure rise flow coefficient than does tile first stage. Therefore, within

a certain flow coefficient range, tile first stage can operate in 'stall' while the rear

85



0.3

0.2

0.1

No.of ceils

• measured

o computed

0.0 j

0.2 0.3

12

1515 _ stageI_

stage \

2,3, 4

0.4 0.5

Figure 3.15: Measured and computed stage one characteristics for the GE mis-

matched compressor. Circles denote the progressive stall, which deviates from the

axisynlnletric characteristic (solid line).

stages are still well in their stable region. In this flow coefficient range, the first stage

exhibits a gradual decrease in pressure rise with decreasing flow coefficient with no

observable hyst.eresis (Fig. 1.8). This type of characteristic is often referred to as

progressive stall. The number of local stall cells can vary according to the overall

flow coefficient (or throttle opening). Each individual stall cell is characterized by

its width (in terms of blade pitch) and the rotating speed, and these characteristics

constitute the figure of Inerit in the assessment.

The setup of the computation is essentially the same as the case in the matched

compressor situation (section 3.4). A spike-shaped disturbance (through a spike-

shaped forcing lasting 0.1 rotor revolutions) is imposed in the tip region of the

first rotor at a frequency of one per rotor revolution. Continuous inserting of the

spike-shaped disturbance provides a source for local stall cells to be developed and

sustained. The number of local cells sustained by the system depends on throttle

position within the progressive stall region.
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The featurescaI)turedby the computationalmodelareCOml)aredagainst those

from exi)erimentalobservationand aredescribedbelow:

1. The progressivenessof the pressurerisecharacteristicis well capturedby the

model,asshownin Fig.3.15.Thereis nohysteresisandthe characteristicof the

first,stageis invariantwith respectto the directionof the throttle movenlent.

Themlmberof stall cellsvariesaccordingto the throttle position. The nuInber

of stall cellsis observedin experimentsto vary from oneto twelvedepending

on the throttle position,while the computationhassilnulateda variationof one

to fifteenfor differentthrottle positions.

2. The sizeof a local stall (:ell is reflectedin the 0 trace. The computed width

of a local stall cell, which is indicated by the O trace at the first, rotor inlet at.

the tip (Fig. 3.17) matches tile Ineasured width of a local stall (:ell (Fig. 3.16).

The size of a computed stall cell is nearly fixed for different throttle positions,

in agreement with tile measurements.

3. The computed rotating speed of local stall (:ells (83_Y_:of rotor speed) is also

comparable to the measured value of about 70% .

A summary of the comparison is given in Table 3.6.

Another observation is that the first stage stalls at nearly the same flow coefficient

for both matched and mismatched arrangements. This suggests that the instability

behavior in the first stage is the same for both the matched and mislnatched com-

pressors, and the presence of the downstream stages does not affect tile instability of

local events (i.e. when the length scale of the local stall cell does not extend beyond

the physical confine of the first stage) in the first stage.

It is concluded that the model captures key experimental observations of the dis-

turbances/local stall cells in the first stage of the GE mismatched compressor. The

model captured not only tile overall behavior of tile stalling characteristic, but also

the shape of individual local stall cells. The implication is that the behavior of short

wavelength stall cells is not related to the discreteness of individual blade and detailed

87



flowstructure in bladepassages,eventhoughthe sourcesof initial disturbancesare

relatedto the bladepassageevents.In otherwords,the behavior,hencethe develop-

ment,of the short wavelengthdisturbancesis determinedby the systeminsteadof a

particular bladepassage.

It is worthwhile to examinetile flow structure arounda local stall cell, which

might explainsomeaspectsof the behaviorsof short wavelengthdisturbances.The

three-dimensionalflowstructureof a localstall (:ellisshownin Figure3.18.Theplot

revealsthat the amplitudeincreasesin the axialdirection in the rotor, anddecreases

in the st.ator.The cell structuresuggeststhe followings:

1. It is the rotor which is the mostunstablecomponent,while tile stator exercises

astabilizing influence(sincethedisturbanceamplitudedecreasesin tile stator).

Thedifferentrolesplayedbythe rotor andstatorsuggestthat the sizeof a local

stall (:ell is determinedby the combinedeffectsof the rotor and stator. For

the singlerotor configuration,a localizedstall cell doesnot receivestabilizing

influencefrom other components,so that the sizewill keepgrowinguntil it

reachesthe massflow balancebetweenthe pressureriseproducedby tile rotor

and the pressuredrop of the throttle. Thereforeit is expectedthat the stalling

behaviorof a singlerotor configurationwill besignificantlydifferentfrom that

of a stage(or a multi-stagecompressor).

2. The disturbancereachesits maximumamplitudein the rotor-statorgap. This

observationisconsistentwith theconclusionmadeby Park [56]whofoundthat

the bestsensorlocationfor the detectionof short wavelengthstall inceptionis

at the tip regionof the rotor exit.

3. The downstreamre-staggeredstageshavelittle effecton the instability of the

first stagebecausethedownstreambladerowsseea highlydampeddisturbance.

The followingtwoobservationsbearon the relationbetweenthe progressivestall

characteristicand the varyingnumberof localizedstall (:ells.

1. Theflowcoefficientin tile unstalledportion of the annulusisconstantfor differ-

ent overallflowcoefficients(beforetile local stall cellshavefilled up the whole
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Table 3.6: Summaryof the comparisonbetweencomputationandmeasurement

Measurement Computation
width of spike 2-3 pitches, 54 blades in rotor 1/20 annulus

rotating speed 70-73% 83%

progressive characteristic yes yes

Number of stall cells 1-12 1-15

0.5

r

0.4

Figure 3.18: Computed flow coefficient contours of a localized stall cell in the first

stage of the GE mismatched configuration. A tangential extent equal to 6 blade

pitches is shown.
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ammhls).

2. The size (measuredby flowcoefficientdeficit) of eachlocal stall cell is nearly

constant.

Then, the numberof stall cellsis

:\ dl = Ou st, tl-- 0 (3.1)

where the ¢_nstat_ is the flow coefficient in the unstalled portion of tile first, rotor; A¢

tile overall flow coefficient deficit caused by a localized stall cell. A local stall cell in

tile first stage can also cause a finite <tecrease of pressure rise, A_. For a mismatched

compressor with many stable stages, the flow coefficient is mostly determined t)y the

stable stages. Therefore, the number of local stall cells is set. by the throttle position.

Aq_ due to a spike (local stall cell) is large enough to make room (fow coefficient drop)

for another spike in the stage, the compressor could show a sudden drop of t>ressure

rise with many local stall <:ells in a local stage. The large number of stall <:ells might

then cause sufficient pressure drop, and consequently sufficient flow coefficient drop

to put the whole compressor into rotating stall.

The number of stall cells can be estimated based on the above discussion. The

pressure rise of the compressor with N local stall <:ells can be expresse<t as

(3.2)

Substituting for :\_:_t gives

Ak0
(3.3)

0, flow coefficient, can be estimated by equating • to the pressure drop across the

throttle, 1/2 KtO 2, and then solving the equation for ¢. Once 0 is solved, the nulnber

of stall cell could be calculated using Eq. 3.1. Fig. 3.19 shows the number of local stall

cells calculated by Eq. 3.1 and E<t. 3.3, and also the results from the computation.
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Figure 3.19: A simple analysis gives a good trend of the number of local stall cells

in tile misinatched GE four-stage compressor.

The trend is well captured by the analysis. As the number of stall cells reaches a

certain value (which is ten in this case), the trend of measurement deviates from the

original direction. This is due to the fact that the unstalled flow coefficient, Oun,_t_u,

in the first rotor could not be held as a constant; since the ammlus is filled with

local stall (:ells• Thus the assumptions (the flow coefficient in the unstalled part is a

constant value) in the analysis break down as the number of local stall cell becomes

large.

The analysis shows the relation between progressive stall characteristic and local

stall cells• The gradual decrease of pressure rise is due to increase of number of local

stall (:ells•
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3.6 Effects of IGV stagger on Stalling Behavior in

the First Rotor

The assessment of the lint)act of IGV stagger on compressor stalling behavior is

motivate(t by tile recent ext)erimental observation of "unique rotor tip incidence" as a

spike stall criterion [5]. Carat) and Dab' found that when tile IGV stagger angle on a

four-stage compressor was reduced IU 5 °,10 °, 15 °, and 20 ° (tile corresponding loading

on the first rotor went ut)), the c()mpress(lr showed spikes as its stall inception type.

However, when tile IGV stagger angle increased (so tim loading on tile first rotor

decresed), the stall inception switched to a modal type. The most interesting result

from their ot)servations is that the rotor tip incidence has a constant value of zero

when the compressor showed short wavelength stall inception (Fig. 3.20). Since tile

rotor incidence angle can be a measure of loading at rotor tip, the unique rotor tip

incidence is equivalent to the "unique rotor tip loading".

A similar set of simulations was performed based on tile GE comt)ressor for a set

of different IGV stagger angles. Since different comt)ressors are comI)are(t here, the

following two features are the figures of merit of this comparison.

1. The type of stall inception switches when the loading (IGV stagger) of the first

rotor changes.

2. A unique rotor tip incidence exists at which the comt)ressor shows stall through

short length scale disturbances.

Since tile available characteristic of the comt)ressor is for the (tesign IGV stagger

angle, tile characteristics at other IGV staggers have to be estimated. The way use(t

to estimate the characteristics for different IGV stagger angles (or different inlet flow

angles) consists of tile following steps:

1. A mean-line metho(t was calibrated to give a correct characteristic at the peak

for the design IGV stagger.

2. The calibrated mean-line method was used to calculate the characteristics for
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differentinlet flowangles(correspondingto differentIGV staggerangles).Tile

peaksof thesecharacteristicsare recorded.

3. The characteristicswereobtained I)5, shifting tile measured characteristic to

match tile peaks obtained from the previous step.

The procedure is not intended to be rigorous since the mean-line method is also

based on correlation, however it. takes advantages of the available measured charac-

teristics and the existing correlation method. Figure 3.21 shows the characteristics

obtained using the procedure for different IGV staggers.

Once the pressure rise characteristics for different IGV staggers are obtained,

simulations were performed to deternline the stall points and their types. The forcing

impulses in these sinmlations were kept at the same value as before (section 3.4 and

3.5).

Figure 3.21 shows the stall points, their inception types, and their corresponding

rotor tip incidences for different IGV stagger angles. The trends are similar to the

experimental observation, which is shown in Figure 3.20. First, the stall inception

switches from spike to modal as the IGV stagger angle is increased (so the first rotor

is unloaded). For the high IGV stagger situations, which eorrest)ond to low rotor

loading, the stall inception type is of the long wavelength type. For the low IGV

stagger situations, where the rotor is highly loaded, the stall inception type is of

spike type. The most reinarkable feature is that the first rotor tip incidence at which

spike stalling occurs remain is -3.5 °. Therefi)re two key features were well captured

by the model.

One additional observation is that all tile modal stall points line up vertically.

This is because these stall points are determined by the downstreanl stages; therefore

tile stall flow coefficient is fixed by the downstream stages.
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3.7 Summary

The assessment presented ill t.his ('hat)t(_r (temonstrated the adequacy of the too(tel

for capturing the stalling behavior associated with short wavelength disturbances in

a multistage comt)ressor. Tile key results in this chapter are

1. Tile model gave an accurate description fi/r ttle behavior of long wavelength

disturbances in multistage compressors.

2. The model cat)tured the key observations associated with short wavelength

stalling behavior in a multistage compressor.

Therefore, the smeared-out body force representation is sufficient to describe stalling

behavior of both short and long wavelengfll types. The model is now ready to be

used to explore the I)arametric dependence of stall incet)tion in terms of some (tesign

parameters. This will be presented in the next chapter.
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Chapter 4

Parametric Studies of the Short

Length Scale Stall Inception

The parametric studies considered in this chapter address the following two issues.

The sensitivity of the model to input parameters There are two intmts od which

we don't have a quantitative knowledge so far. One is the initial disturbance

(amplitude, location, etc). The other is the blade row performance characteris-

tic to the left of the peak. The sensitivity of these t)arameters will be examined

in this chat)ter.

The effects of design parameters on short wave length stall inception It was

decided to focus on blade row gaps only. This parameter is the one that does

not require redesign of a blade row. Other parameters (e.g. hub-to-tit) ra-

tio, blade radial loading profile, etc.) would require the implementation of the

model in conjunction with other design tools, like stream-line-curvature, full

three-diInensional code, etc. since the body force for the modified blade row has

to be generated through these tools.

To clarify the first issue, the following four parameters will be investigated.

1. Type of disturbances. Three types of initial disturbance are studied: small

amplitude disturbance, spike-shat)ed disturbance at tip, and spike-shaped dis-

turbance at hub.
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2. Amplitude of disturbances. Tile stall point and its type will be calculated for

different amplitude of initial forcing. The amplitude effects ehM<tate tile non-

linearity of short wavelength stall inception. A specific question to be answered

is whether the amplitude threshold of short wavelength stall inception exists.

3. Axial location of disturbances. The simulation is performed for the case that

tile initial ¢tisturbance is inserted in a rear stage, to identify the most unstable

blade row in a multi-stage compressor.

4. Left side axisymmetric pressure rise characteristic. The unstable t)ortion of the

characteristic cannot be measured, and has not been well calculated. Several

simulations are performed for varying axisymmetric pressure rise characteristic

to the left of the peak.

The second issue, tile impact of gaps on instability behavior, is addressed through

varying three intra-blade-row gaps: IGV-R1, 1R1-S1, and S1-R2 gaps. These gaps

reflect the degree of cout)ling between blade rows, and thus are important <tesign

parameters.

4.1 Type of Disturbance

It. has been shown that small amplitude tong wavelength disturbances lead to modal

stall inception, while spike-shaped forcing in the tip region leads to short, wavelength

stall inception. It is reasonable to ask what will happen if the spike-shape<t forcing is

located in the hub region. This relates to the question of why spikes usually emerge

in the tip region.

A simulation was performed in which the spike-shaped force field was located in

the hub region (referred t.o as hub-spike). The result, along with tile result of inserting

a disturbance in the tip region (referred as tip-spike), is presented in Fig. 4.1 in which

tile mo<tal stall t)oint is use<t as a reference stall point. Tile decrease in the stall
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margin is defined by tile following equation.

Ostoll -- Ornodal stall

a = . (4.1)
Omodal stall

Tile results show that fl)r the same amount of forcing, the tip-spike forcing leads

to short wavelength stall inception at a higher flow coefficient, while the hub-spike

forcing leads to long wavelength stall inception at. a flow coefficient near the modal

stall point. The conclusion is that the short wavelength disturbances are better

supported by the tip region of this compressor t.han that by the hub.

The different effects of forcing at the tip and hub are related to the local radial

equilibrium and will be further explored in Chapter 5.

4.2 Amplitude of disturbance

It has been shown that the short wavelength stall inception has to be initiated by

a spike-shaped disturbance. Experimental observations also show that this tyt)e of

(tisturbance exists prior to stall. However, it is hard to extract the source of these

localized disturbances and the amplitude of the source, since the nature of these
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Effects of initial spike forcing amplitude on stall point and inception

disturbances has not been identified yet. Because tile amplitude used in the baseline

simulation is sonmwhat arbitrary, it. is necessary to examine the effects of the forcing

impulse amplitude on stalling behavior.

The simulations are performed for different forcing strengths at. the same location

near the tip. Tile results are plotted in Figure 4.2. The amplitude is normalized by

the forcing amplitude used in Chapter 3. For small amplitude forcing, the instability

point goes to the modal stall t)oint.. There is a. t.ransition region where the instability

point is sensitive to the forcing amplitude. The transition region corresponds to one

with a 20% to 60% (the value of the baseline is 30%) loss on one rotor blade passage

pressure rise capability for 0.1 rotor revolutions. It is reasonable t.o say that typical

blade passage events (e.g. tip vortex) cause part of a blade passage to lose it pressure

rise capability, therefore these events are expected to have significant impact on the

instability point. When forcing amplitude increases fllrther, the forcing seems to

saturate the system, and tile stalling flow coefficient is not sensitive to these very

large forcing amplitudes.

The set of simulations shows that an amplitude threshoht exists for instability

through short wavelength disturbances to occur, and therefore this type of stall in-
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Figure 4.3: Effects of disturbance amI)litude. A large amplitude disturbance could

cause blade row stall when the overall flow coefficient is in negative sloped region.

ception is nonlinear in nature.

Fig. 4.3 illustrates how a large amplitude disturbance could induce stall at a

higher flow coefficient (point to the right of the peak pressure rise point). A small

amplitude disturbance can only access a small l)ortion of characteristic; therefore the

slope deternfines the instability. If a disturbance has large amplitude, then a large

portion of characteristic could be accessed by the disturbance, so that a large portion

of characteristic would play an aggregate role on the instability of the disturbance.

As shown in Fig. 4.3, the low flow coefficient region has a lower pressure rise, and the

comt)ressor could stall even when the overall flow coefficient is still in the negatively

sloped region.

Using the compressor characteristic in Fig. 4.3, we can explain why a spike-

shaped forcing cannot increase the stalling flow coefficient filrther after it reaches a

certain amplitude. The resulting disturbance amplitude in velocity is produced by

the conlbined effects of the disturbance forcing and the body force that responds to

the velocity disturbance. For the duration that a large forcing is imposed on a rotor,
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a velocity deficit is created wit.h increasing magnitude. At the same time, the blade

row begins to respond to the velocity deficit. When the flow deficit is large enough so

that local flow reversal occurs, the blade row responds to the reverse flow with a steep

increase in the inagnitude of the forward force (Fig. 4.3), which wouht offset ahnost

any increasing of imposed forcing. In other words, the amplitnde of disturbance

created by an imposed forcing is limited by the steep pressure rise characteristic in

the reverse flow region, so the flow in the compressor will not respond to filrther

increase in ilnposed forcing.

4.3 Axial location

For all these previous simulations, the forcing that initiates the disturbances is always

located in the first rotor. However, all the four stages are identical. This raises a

question whether a spike can einerge from another rotor if the forcing is applied to

that rotor. It is thus of interest, to examine the situations for which the forcing is

inserted in the tip region of a rear stage.

A simulation is perforlned for the situation where the forcing is applied to the

third rotor. The stall point is near the modal stall point and the inception type is
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of longwavelength,although the stageperfornlanceand the fl)rcing are the sameas

thosefor tile first rotor, andthe 17rprofileat the third rotor inlet is similar to that of

thefirst,rotor. This doesnot supporttheargumentby CampandDay [5]who argued

that the reasonwhyspikesusuallyemergein the first stageis becausetile first rotor

hasa higherloadingthan the others.The issuewill be further exploredin tile latter

part of tile chapter.

4.4 Rotor Characteristic to the Left of the Peak

Pressure Rise

The instability associated with short wavelength disturbances is non-linear. As illus-

trated in Fig. 4.3, a large portion of the characteristic participates in the instability

process. Further, little knowledge is available for estimating the unstable t)ortion of

the characteristic. It is thus necessary to examine the effects of a variation in the

portion of the characteristic to the left. of the peak pressure rise.

Five rotor characteristics, shown in Figure 4.5, were used to cah:ulate the progres-

sive stall region for the GE mistnatched compressor. Characteristic (I) is the baseline

that has been used in the previous chapter. Characteristic (II) to (V) all have the

same stage characteristic and stable portion of rotor characteristic. Characteristic

(II) has a flat portion at. very low flow coefficient, and its other portion is essentially

the same as the baseline. The sinmlation yields similar results for Characteristic (I)

and (II), especially, their stall points are ahnost indistinguishable. This indicates

that the characteristic in the very low flow coefficient region does not affect tile short

wavelength disturbance. That is understandable since the disturbance does not. reach

that far into the region where flow coefficient is below 0.1.

Characteristic (III) extends the fitted stable portion to the zero-slope point. The

results show that the stalling flow coefficient of Characteristic (III) is noticeably lower

than that of (I)'s, and indicates that the characteristic around the peak has significant

impact on the instability. The stall point and its progressive stall characteristic are
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alsothe closestto tile measureddata amongthe five chosencharacteristics.

Reducingthe pressureriseill the unstatfleportion, Characteristic(V), increases

the stall flow eoeffieient,and makesthe progressivestall characteristicsteeper. It.

is proposedthat. the progressivenessof stall characteristicmight disappear(become

vertical) if the unstableportion of the charaet.eristiewerelowerthan Characteristic

(v).

Characteristic (IV) is nearly flat for the flow coefficient less than the peak point.

In this case, a part span stall eell can be sustained only when the flow coefficient

is in the positively sloped region in which modal waves would have grown if the

downstream stages were not presented. This case indicates that a rotor with a flat

characteristic to the left of the peak does not support, short wavelength disturbances.

These results show that the unstable portion of the charaeteristie does impact the

instability point of short wavelength disturbances, and that the performance near the

peak appears to have the largest impact. Within a wide range, the difference in the

characteristic to the left of the peak does not. change the nature of short wavelength

stall inception. The unstable portion of the characteristic that is generated based on

current (though limited) knowledge can thus be used to study the parametric trends

of short wavelength stall inception.

4.5 Intra-Blade-Row Gap

Since the short wavelength disturbance has a high decay rate in the axial direction,

the intra-blade-row gap, which is considered small for long wavelength disturbanee

(Dunham, 1964), becomes large for short wavelength disturbances. It is thus likely

that the gap size has a strong impact on the stall inception through short wavelength

events. Effects of three gaps, IGV-R1 gap, R1-S1 gap, and SI-t_2 gap, (Figure 3.7),

were examined. The calculations are based on the GE four-stage compressor, matched

build, with different intra-blade row gaps, and the forcing imposed on the first rotor

is kept the same as the forcing used in Chapter 3. The results on the stability point

and its type are shown in Fig. 4.7.
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Increasing of the R1-S1 gap destabilizes the short wavelength disturbances, while

decreasing of the gap stabilizes the short wavelength disturbances. Further decreasing

the gap can switch the stability type from short wavelength disturbance to long

wavelength disturbance. Varying the IGV-R1 gap shows a similar trend as that of

the R1-S1 gap. However, increasing the S1-R2 gap shows no visible effect on the stall

point and its inception type.

These trends can be explained by the three-dimensional structure of a local stall

cell (Fig. 3.18). The maximum amplitude of a local stall cell occurs at. the first rotor

exit (i.e. the R1-S1 gap region); it is thus not. surprising that the size of the R1-S1

gap has the strongest impact on the instability point and behavior. The size of the

S1-R2 gap has minimal impact as disturbances are expected to be damped there.

The above results suggest that the instability caused by short wavelength distur-

bances be determined by a component group that includes a rotor and its neighboring

stators. From the component group argument, it is expected that any change of blade

rows and gaps in the component group could change the instability of the COml)onent
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group. The"componentgroup" conceptdoesnot giveadirect stall criterion, but it is

usefulto point out the relevantcomponentswhichdirectly affectthe growthor decay

of short,lengthscaledisturbances.

4.6 Summary

The influence of several t)arameters on instability inception has been examined in this

chapter. The COlnputed results show that:

1. A spike-shaped (tisturbance with an amplitude above a threshold is necessary

to initiate the short wavelength stall inception. Above the threshold, the vahle

of the initial disturbance does not change the tyt)e of inception, however it. does

change the instability point.

2. A spike-shaped disturbance in the tip region is better sustained by the system

than one at. the hub.

3. Within a wide range, the unstable portion of characteristic does not change the

nature of stall inception, although it can change the instability point.

4. Closing the rotor-stator gap and IGV-rot.or gap suppress short wavelength dis-

turbances in the first rotor.

To enable accurate prediction of the instat)ility point using the model, the fol-

lowing int)uts have to be available.

• An adequate description of the unstable portion of characteristic

• The typical disturbance type and amt)litude.

Such information is not. generally available. Without such information, the t)rilnary

benefit of the model can tie viewed as producing an understanding of the controlling

trends of the parameters that affect the stall inception through short wavelength

disturbances.
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Tlw results from assessingt.heinfluenceof the gaps revealthe inlportance of

the blade row coupling in the instability of short wavelengthdisturbances. From

the observation,a "conll)onentgroup" conceptis proposed,which statesthat the

instability for short wavelengthdist.urbancesis determinedby a componentgroup

that includesa rotor and its neighboringstators.
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Chapter 5

Additional Physical Aspects of

Short Wavelength Stall Inception

The following topics will be addressed in this chapter: (1) clarification of some physical

aspects which are not modeled in the calculations, (2) Physical mechanisnls associate(t

with short wavelength stall inception are discussed, (3) possible routes to fornlation

of rotating stall (:ell, and (4) a hypothesis of the link between design flow coefficient

and stall inception type based on the observation of the compressor stalling data in

public domain.

Some specific questions are:

1. Does swirl sensitivity change the nature of stalling behavior?

2. What is the physical origin of the spike-shaped disturbances?

3. Why do short wavelength disturbances tend to localize in the tip region?

4. Is flow three-dimensionality needed to sustain short wavelength disturbances?

5. What constitutes the simplest model for an adequate description of short wave-

length disturbance?

The first section clarifies the effects of swirl sensitivity which is not modeled in

the calculation. Section 2 discusses possible physical origins of the imposed spike-

shaped disturbances. Section 3 explains the importance of three-dimensionality to
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the growth of short length scaledisturbances.Section4 l)resentsargumentsto show

that the modelconstitutesthesimplestmodelneededfor all adequatedescriptionof

the short wavelengthdisturbances.The final two sectionsI)rot)osetwo hypotheses:

(1) thereareseveralroutesof rotatingstall developmentafter a localizeddisturbance

starts to grow; and (2) compressorswith low flow coefficientdesigntends to stall

throughlocalizedshort,lengthscaledisturbances.

5.1 Effects of Swirl Sensitivity

Swirl sensitivity, which is neglected in the simulations for the GE colnpressor, refers

to blade row characteristics being influenced t)y ('hange of inlet swirl angle. It (toes

not appear to change tile nature of tile phenomena in tile GE comt)ressor. A way to

assess effects of neglecting swirl sensitivity is to examine the pressure rise across a

blade row with and without swirl sensitivity around a spike-shaped local stall cell in

the GE nfismatched compressor.

Figure 5.1 shows tile flow coefficient distribution and the flow angle distribution

at the inlet to the first, rotor where localized stall cells are sustained. The disturbance

(a localized stall cell) has the strongest amplitude in the tip region; thus if swirl has

any impact, it would be in the tip region (Fig. 5.2). A pressure rise characteristic in

terms of flow coefficient (;all be translated into pressure rise vs. relative flow angle of

the rotor. Tile pressure rise due to the inlet flow coefficient can be estimated base(t

on the inlet 0 (swirl is removed) or the inlet 0 and flow angle .3. The results in

Fig. 5.3(a) show the comparison between the t)ressure rise calculated based on the

inlet 0 and that based on the inlet (b and .3 around a local stall (:ell. The shapes of

the pressure rise distributions are similar, and the error of total pressure rise deficit

of the local stall cell caused t)y ignoring the inlet swirl is about 10_, of the total

pressure rise deficit caused by the spike-shaped stall cell. Tile total pressure rise

deficit measures the force which sustains a (tisturbanee. It. is therefore conclu(ted that

the swirl sensitivity will not change the nature of the stalling behavior seen in the

GE compressor.
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The reason that the inlet swirl has relativ(qy less effects oil the rotor loading can

be explained by examining the relative flow angle distribution at the rotor inlet, given

by

U - I _ tan .;-]
tail "_]relati_,e =

Fig. 5.3(b) shows the relative flow angle distributions calculated using the above

equation with a /3 using actual value and with zero (ignoring the swirl sensitivity).

The relative flow angle in the rotor inlet is not sensitive to the inlet swirl, due to the

compressor's low stalling flow coefficient, because tan/_r_t(_ti_,e is more sensitive to the

denominator (I_.) than the numerator (U-I; tan 9) whMl is dominated by _r.

5.2 On the sources of the forcing impulses

The imposed disturbance through forcing is an important part of tile Inodel in the

sense that a short wavelength stall inception has to be initiated by a finite amplitude

spike-shaped disturbance. However, as tile forcing is an input (hiring the sinnllations,

its magnitude is somewhat arbitrary. To estimate the appropriate nmgnitll(te of the

forcing, it is useful to look at its physical origin.

Tile source of initial disturbance is viewed as tile consequence of blade passage

events, for example tip vortex behavior. Hoying et al [341 performed isolated rotor

simulations at. stall which suggested that the motion of the tip vortex in and out of

a rotor passage was responsible for producing spike-shaped disturbances. It would

seem that discrete blade passage events are the likely sources for short length scale

disturbances. If so, then its magnitude would be a fraction of tile total blade force of

the blade passage.

Park [56] analyzed the data taken by (1) pressure transducers at the casing of

the first stage rotor exit, (2) hot-wire anemometers in the tip region of the first stage

rotor exit, (3) pressure transducers at the casing of the first stage rotor inlet, and

(4) hot-wire aneinometers in the tip region of the first, stage rotor inlet. He found

that the pressure transducer in the tip region of the first, rotor exit exhibited short

wavelength disturbances earlier than other locations. This seeins to indicate that
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the bladepassageevent first occurs(or reachesa measurableamplitude sooner)at

the rearpart of a bladepassage.Post.processingof mnneri(:alsimulationshavebeen

focusedon the flowat the leadingedge,andit will be interestingto examinethe flow

field from tile leadingedgeto trailing edgeobtainedfrom N-Ssimulation.

5.3 Three-dimensionality in the short

stall inception

wavelength

The purpose of this section is to explain why a three-dimensional model is essential

to describe short wavelength stall inception. Two additional physical aspects are

included in the current model that are not captured by the two-dimensional analysis.

Tile first is an additional length scale in the spanwise direction, so that the flow

disturbances couht grow and decay spatially at. a faster rate in the blade-free regions

as well as in blade row regions, relative to two-dimensional motion. Introducing

an additional spanwise length scale reduces the coupling between blade rows, and

disturbances can exist locally (around a blade row). A locally unstable blade row,

usually a rotor row, couhl thus stall earlier than the compressor as a whole, so the

compressor could stall (through the non-linear mechanism described earlier) in the

negatively sloped region of its characteristic. Tile second is the centrifllgal effect (i.e.

I02/r term in the radial momentum equation) on the localization of spike-shaped

disturbances in tile tip region.

The following two cases are designed to elarifl' the role of three-dimensionality in

the stalling process. In the first case all the radial variation in the governing equation

set is removed, and the compressor is represented by multiple rectilinear cascades.

The flow in that case is three-dimensional but without the centrifugal effect (Io2/r).

The second case is that of a two-dimensional compressor.
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5.3.1 Rotating Stall Inception in a Compressor Represented

by Multi-rectilinear-cascades

In this case, the governing equations are Euler equations in Cartesian coordinates.

The blade rows are represented by rectilinear cascades (Fig. 5.4). Periodic boundary

conditions are imposed at tile ends of the computational domain in the tangential

direction. A compressor using nmlti-rectilinear-cascade representation does not have

any bias in its spanwise direction, therefore the 'hub' and 'tip' have the same response

to disturbances. The stall point and its type are indicated in Fig. 5.5, along with the

stall points initiated by hub-forcing and tip-forcing (see Chapter 4). The stalling

flow coefficient calculated using multi-rectilillear-cascade representation is located

roughly half way between the stall points caused by tip-forcing and hub-forcing in

the compressor based on blade row by blade row representation presented in Chapter

4. The stall inceptioll type is of long wavelength type.

The multi-rectilinear-cascade representation removes centrifugal effect term, I o2/r,

in the spanwise (radial) direction. For a high hub-to-tip ratio compressor, like the

GE compressor, the geometry variation along the radius is small and can be ignored.

The results thus imply that the centrifilgal force causes a bias of the system towards

sustaining short wavelength disturbances in the tip region. This explains why the GE

compressor always picks up localized disturbances in the tip region.

The multi-rectilinear-cascade representation gives the stalling flow coefficient

2.5_ higher than that of modal stall point. The next case, two-dimensional rep-

resentation of the GE four-stage compressor, will show that finite amplitude localized

disturbances are suppressed by the system, and the two-dimensional system stall

through modal waves. Therefore the 2.5% increase of stalling flow coefficient is due

to the additional length scale in the radial direction.
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Figure 5.4: An illustration of tile multi-rectilinear-cascade representation of a mul-

tistage c()mpressor.
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Figure 5.5: The stall point and its inception type of tile nmhi-cascade compressor

along with the stall points and their types with hub-forcing and tip-forcing in the GE

compressor.
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5.3.2 Rotating stall inception in a compressor represented

by multiple two-dimensional cascades

The (_ompressor representation was further reduced to remove the st)anwise (timen-

sion. With this simplification, the GE compressor constitutes nine individual two-

dimensional blade rows (or cascades). Tile spike-shaped forcing has the same shape

and amplitude as the forcing in the tip region in the three-dimensional simulations.

In the three-dimensional simulation, the forcing is localized in the tip region. The

overall effects (on total pressure rise and mass flow of the compressor) of the fi)rcing

used in the two-dimensional calculation is more than three times larger than in the

three-dimensional calculation.

The computed stall point is indicated in Fig. 5.6, and the stall inception type

is modal. Also plotted in the same figure are the stall points initiated by small

amplitude disturbances and spike-shaped forcing using the three-dimensional model.

Tile results show that a two-dimensional representation of a compressor stalls through

modal waves near the peak of the pressure rise characteristic. Thus short wavelength

disturbances cannot be sustained in a two-dimensional system. This again shows the

necessity of a three-dimensional model for describing short wavelength stall inception.

It is deduced from the results of tile above two cases that: (1) the compressor

could stall at the negatively sloped region mostly due to the decoupling of the blade

rows, so that a short-length-scale finite-amplitude disturbance could stall a blade row

earlier (i.e. at a higher flow coefficient) than would the entire compressor; and (2) the

centrifugal effect term, I.o2/r, biases the short wavelength disturbance to localize in

the tip region.
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Figure 5.6: Stall point calculated using a two-dimensional row by row representa-

t.ion with finite spike-shaped forcing, and the stall points computed using the three-
dimensional model.
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5.4 Minimum Requirements in A Compressor Model

for Short Wavelength Disturbances

The key ingredients of the model are

1. three-dimensionality, which includes

(a) blade-row by blade-row representation of conlt)ressor

(b) three-dimensional flow in both blade-free regions and blade rows (con>

posed of infinite number of locally axisymmetric flow fiehts)

(c) body force in each blade row region which responds to local simultaneous

flow conditions

2. non-linearity of the model, which includes non-linear flow and blade-row non-

linear response to the flow

3. spike-shaped forcing impulses as the initiation of short wavelength disturbance.

This type of model constitutes the simplest form that can yiehl a t)roper descrip-

tion of short wavelength disturbance in a compressor. This statement is deduced from

the following.

1. Experimental observations which have been reviewed in Section 1.3 indicate

that short, wavelength stall inception is initiated by blade passage events, local

to the tip region of a specific blade row.

2. The non-linearity and three-dimensionality of short wavelength stall inception

are shown through the following results:

• the existence of a threshold value of transient forcing below which a com-

pressor does not show short wavelength stall inception (see Section 4.2)

• the effects of the transient forcing location (see Section 4.1, 4.3)

• the inability to reproduce short wavelength stall inception using a two-

dimensional model (see Section 5.3)
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Figure 5.7: There are four component groups in tile GE four-stage compressor.

3. Short wavelength stall inception could not be modeled if any of these ingredients

were absent.

5.5 Component Group and Its Implications

Tile concept of "(:omponent group" was introduced while assessing the effect of the

gap on instability of short length scale disturbances. A component group consists

of a rotor and its adjacent stators. It. is found that the growth of short wavelength

disturbances is determined by tile component group where these disturbances ap-

peared. The criterion of instability of a component group is (1) the existence of short

length scale disturbances, and (2) tile sustenance of the disturbances l)y the compo-

nent group. There are multiple component groups in a multi-stage compressor (like

the GE compressor shown in Fig. 5.7). Tile stall point of the entire compressor due

to short wavelength disturbances is set. by a COlnponent group which has the highest

stall flow coefficient.

In the GE compressor, the simulations show that tile rotor is tile most unstable

component in a colnponent group, while its neighboriIlg stators have stabilizing effects

on the short wavelength disturbances. Tile growth rate of a disturbance is determined

by all these blade rows, and the gaps set tile degree of coupling among them.

The most significant effect, is that increasing the gap destabilizes the system, a

phenomenon which is consistent with observations by Day [121. This observation can

be used to ext)lain why spikes usually emerge in tile first stage. For most multi-stage
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compressors, the front component group is usually different from other conlt)onent

groups due to (1) the absence of an IG\: before the rotor, or (2) the relatively large

gap between IGV and first rotor (like the GE (:omi)ressor), and (3) the fact that the

IGV is always lightly loaded. Thus the stabilizing influence from the ut)stream of the

first rotor is relatively weak or at)sent.

Some deductions from the component group argument on the design are (1) the

front stage should have a more stable design (has a relatively low peak flow coefficient);

(2) since rotors are usually more unstable than stators, when the operating range of

a compressor is limited by the stall point due to short wavelength disturbances, the

rotor in the component group should be the first target to be redesigned.

The component group concept does not contradict the "uni(tue rotor tip inci-

dence" as a criterion of short wavelength stall. The component group concept implies

that the "unique rotor tip incidence" constitutes a short wavelength stall criterion for

a component group. Any changes of characteristics (for instance, gaps, blade stagger)

of tile comt)onent group will alter the value of the "unique rotor tip incidence."

As the tyI)e anti flow coefficient for compressor instat)ilitv is sensitiw_ to the

intra-blade row gaps, it is not appropriate to intentionally increase these gaps for

fitting instrumentation [18], est)ecially when the experiment is used to identify the

stall inception types.

5.6 Routes to rotating stall

In this section, several routes of stall development subsequent, to the initial growth of a

short wavelength disturbance are conjectured based on the available observations and

nulnerical simulations. It is argued that there could be more than one possible route

for a short wavelength disturbance to evolve, and this could be due to a difference

in tile flow coefficient between the short wavelength disturt)ance stall point and the

modal wave stall point. Several possible routes are proposed in the following.

1. A short wavelength disturbance could grow and develop into a large stall (:ell

or surge, like a tyI)ical spike-type stall inception (Fig. 1.5). The numerical
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Figure 5.8: Velocity traces show 1.5 times rotor frequency disturbance at tile front
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stage prior to the final stall cell [11].
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Figure 5.10: Casing static pressure traces at the first stage rotor inlet during the

transition from twelve local stall cells to a single stall cell. GE compressor, mis-

matched build [56].

simulation for the single stage configuration of the GE compressor shows this

route to the final single stall cell pattern. This should happen when the stall

point for short wavelength disturbances is close to the stall point of the entire

compressor, so that. the other components in the system do not have nmch

stabilizing effect on the disturbance. Usually, a single stage (except a fan that

has a large rotor-stator gap) compressor takes this route to the final rotating

stall.

. A short wavelength disturbance could also cause several or many stall cells

to form before a large stall cell is developed. The "Front-end start-up stall"

(Fig. 5.8) and "high frequency stall" (Fig. 5.9) [11] might be classified into this

type of route. The cause could be the fact that a component group becomes

unstable at. a flow coefficient where the ow'rall compressor can operate in stable

operation, so that each short wavelength disturbance cannot grow into a large
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stall ('ell. However,with tile numberof smallstall (:ellsincreasing,thereduction

in overall flow coefficient,and a largedisturbance,which is superimposedon

small stall cells, cancausethe fi)rmationof a largestall cell. The scenariois

dueto the misInatchin stallingpoints betweenof a localcomponentgroupand

of the entire colnpressor.The argumentis supportedby tile similar stalling

scenariobetweenthe "high frequencystall" (Fig. 5.9) [11]and the mismatched

build of the GE conlpressor(Fig. 5.10)[56].

3. Thefront spike-shapeddisturbancecouldalsotrigger the longlengthscalenon-

linearthree-dimensiolLaldisturbancein downstreamstages,as is tile casein the

numericalsimulation. In tile numericalsinmlation,the disturbance(mostly its

vortical part) in the front stageis transmitted to the downstreamstages,and

causesthedownstreamstagesto gointo rotatingstall. Thereisnomeasurement

to support this route,which is, however,a possibleone.

To summarize,the routesof stall cell developmentcouldvary in different com-

pressoraswellasat differentoperatingpointsfor onecompressor.This is becausean

additional spanwiselengthscaleis introducedinto tile system,sothat tile localized

disturbancescouldgrowregardlessof the operatingconditionof the overallcomt)res-

sor. The availableexperimentalobservationsseemto support the aboveconjectures.

5.7 Effect of design flow coefficient

The hypothesis that a compressor with low stalling flow coefficient tends to stall

through short wavelength disturbances is presented in this section based on experi-

mental observations anti a simple analysis.

Experimental data presented in [9, 11] appears to indicate that modern compres-

sors tend to show short, wavelength stall inception. An overall design feature of a

modern compressor is that it tends to have a lower design flow coefficient. Day [8J

showed that the stalling characteristic (Fig. 5.11) was related to its design flow coef-

ficient. He found that compressors with high design flow coefficient show typical stall
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Figure 5.11: Effectsof designflowcoefficienton the compressorstall characteristic
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characteristicwith largehysteresis,while<:ompressorswith low designflowcoefficient

showprogressivestallingcharacteristicswith little hysteresisbut with a multiple stall

cellpattern. The phenomenaDaydescribedfl)r the compressorswith low designflow

coefficientare similar to the resultsof the GE nlismatchedcompressor[60]. One

might interpret Day'sexperimentalobservationasshowingthat a conlpressorwith

lowdesignflowcoefficienttendsto bemisnlatched(even though the geometry of each

stage is exactly tile same). Here the term "mismatch" is measured by the difference

ill stalling point among component groups and the entire compressor. When a local

component group stalls at a higher flow coetticient than the overall compressor does,

the stall inception type is expected to be of short wavelength.

In the following, arguinents are put forth to show that for a compressor with low

design flow coefficient, a rotor would reach the positively sloped region at a higher

flow coefficient than a stage does, thus the rotor is more unstable than the stage

(and the compressor); therefore the component group could stall earlier than the

entire compressor. The stall inception initiated in a local component group is of the

short wavelength type. Although the argument is based on the slope of pressure

rise characteristics and tile stalling point of a component group cannot be solely

determined by the slope, the trend of variation of the slope should reflect, the change

of instability point.

Tile argument can be formulated by examining dkOts ' rotor�dO of the rotor at the

peak of the stage characteristic (i.e. dkOts ' stage/d'c) = 0). To evaluate the slope of the

rotor characteristic, some design parameters have to be assumed. Tile sole purpose of

these curves is to illustrate the trend however, and tile exact vahles of these parameters

are not critical to the argument.

The notation of velocity triangles of a stage is illustrated in Fig.5.12. I assume

that the stage characteristic reaches the peak at a critical diffusion factor (D_ = 0.65

will be used to give numerical results) for both rotor and stator, then the exit flow

angle can be calculated from the definition of diffusion factor. The stage pressure rise
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(:an be written as

Psa-Pt l :, 1 02
- - - (5.1)

_)t_ pU 2 - 1 - 0 tail f12 - 0 tan fll Lr L_ '2cos fla

and tile rotor pressure rise as

1 2 1
Otto, rotor = qdts + Ls + z7,(0 (cos2 f13

2 t ¢

1 + tail f12) + 2 tail ;q2 - 1) (5.2)

where Lr and Ls are the respective loss in tile rotor and stator. At. tile peak of tile

stage characteristic where dq)t,_/dO = 0, tile slot)e of the rotor characteristic is

dqdts, rotor dL_ 1 , . ,_ d tan ;32' ,

dO - dO + O(cos2fl.3 1 + tan 2 _32) + (0tan 3'2 + l)O d-0 + tall (5.3)

The stage characteristic, Eq. 5.1, at. the peak (where dglt,_/d O = 0) gives

d(O tan 3;) dLr dL_ q, 0
dO + --_ + dO - tan,2-tandl (5.4)' cos2 ,q3

I can express tile three terms in the left-hand side as

d(O tan fl'2)

dO
dLr

de
dLs

dO

-- 711,]

-- n2d

-- ll 3 J

(5.5)

n,, n2, and r_3 must satisfy the following relation.

n t + Tt2 + n3 = 1

and

!

J = - tan f12 - tan _3l
0

COS2 _3

nl J, n2d, and n3d represent the fraction of the loss in stage pressure rise due to tile

rotor deviation, the losses in rotor and stator respectively. The d_, rotor/dO at tile
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Table 5.1: A list of compressors,their stall flow coefficients,and stall inception
types.

No.

1

2

3

4

5

6

7

8

9

10

Description Stall flow coefficient Stall inception type

GE four-stage compressor [60] 0.39 spike

Deverson 1.2_ tip clearance [49] 0.39 spike

Deverson 3.0% tip clearance [49] 0.42 modal

C106 1.2_:, tip clearance [9] 0.4 spike

Longley [42] 0.49 modal

MIT three-stage [30] 0.47 modal

MIT one-stage [54] 0.45 modal

GE compressor A [44] 0.46 modal

GE compressor B [44] 0.56 modal

GE compressor D [44] 0.44 spike

peak versus peak flow coefficient can be plotted in Fig. 5.13 including only one of

the three factors, and a combination of all three effects. Figure 5.13 shows that the

slope of rotor characteristic increases with decreasing peak flow coefficient (so is the

design flow coefficient if the stall margin is kept the same). The trend can be stated

as follows: the rotor tends to reach the peak of its characteristic prior to that of the

stage for a low flow coefficient design. This might explain the relationship between

design flow coefficient and stall inception type.

The argument is also supported by the observation that all spike compressors (in

the public domain) have their stalling flow coefficients below 0.45 (mostly around 0.4)

as shown in Fig. 5.14 and listed in Table 5.1. The number two and three compressors

are the same compressor (Deverson) with different tip clearances. The one with tight

tip clearance stalls at a lower flow coefficient through spike type, the one with loose

tip clearance stalls through long wavelength disturbances at a higher flow coefficient.
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Figure 5.14: Tile stalling flow coefficient and stall inception t.ype of ten compressors.

The coinpressor and flow coefficient are listed in Table 5.1. The data show that

compressors with low stall flow coefficient stall through short wavelength type.

5.8 Summary

Some additioual t)hysieal aspects of the model are discussed in this chapter. First

of all, the swirl sensitivity, which was ignored in the simulations, is shown t.o have

relatively small effects on short wavelength stall inception in the GE compressor.

The physical origin of the transient forcing is then discussed and related to the tip

vortex behavior observed froin a Navier-Stokes sinmlation for a multi-blade passage

situation.

The three-dimensional aspects of the model are further explored in Section 5.3.

It is argued that the additional length scale in the spanwise direction de-couples

blade rows so that one blade row (usually a rotor) could stall earlier than the entire

compressor. The centrifllgal effect term, I,o2/r, appears to make the short wavelength

stall inception more sust.ainalfle in the tip region than in the hub region, and this can

explain why spikes tend to be localized in the tip region. Based on the observations

in experiments and numerical simulations, a model with the elements employed bv

131



the current treatment is tile simplestOllewhich canbe usedto calculate the short

wavelengthstalling process.

The componentgroup,which is deducedill Chapter4, is further discussedand

its implicationsarededuced.

Finally, two hypothesesareput forth: (1) the developmentof short wavelength

disturbancescouldt)roceedthrough severaldifferent routes,dependinguponthe de-

greeof mismatchbetweencomponentgroupsand an entire compressor;and (2) a

compressorwith low flow coefficientdesign (which most moderncompressorsare)

tendsto stall throughthe short wavelengthtype.
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Chapter 6

Computational Flow Model for

High-Speed Compressors

A computational model for high-speed compressors will be described in the present

chapter. It. is a direct extension of the computational model for low speed eompressors

described in Chapter 2.

The model will be aimed at computing the response of (:ompressor to flow distor-

tion and its instability I)tmnomena under general distorted flow conditions as well as

uniform flow condition. As in the low speed compressor model, the high-speed model

is developed to describe the non-linear three-dimensional unsteady disturbances in

multi-stage comt)ressors. The methodology used to construct the model for high-

speed compressors is the same as that described in Chapter 2, which emphasizes the

response of a blade row to unsteady three-dimensional non-uniform flow but ignores

the detailed flow structure in each individual blade passage.

Conlpressibility of flow introduces the following additional effects:

1. the loading distribution on each stage in the compressor depends on the rotor

speed;

2. phenomena unique to high-speed compressors (e.g. choking, and shock wave)

can change the behavior of the system;

3. behavior of acoustic waves need to be considered in the prediction of compressor
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instability;

4. blade rows and ducts alsoact to increasethe effectiveflow capacity of the

plenmnof a conlpressionsystem.

In sumnlary,introduction of the flowcompressibilityincreasesthe conq)lexityof the

system.

The objectiveof this chapteris t.odemonstratethe methodologyrather than to

examinespecificstability issuesin compressors.Thus conlpressorresponseto inlet

distortionswill bepresentedasnumericalexamt)lesto illustrate the capabilityof the

model to describet.hree-dinmnsionaldisturbancesand blade-rowresponse.

The developmentof the model,the basicflow equations,and the formulationof

bodyforcearefirst,described.Selectednumericalexamplesoneoml)ressorresl)onseto

inlet distortionsare thenpresentedasa demonstrationof thecat)abilityof themodel.

The chapteris arrangedasfollows. Section1 describesthe governingequationsin

bladerowregionsand blade-freeregions;Section2 discussesthe formulationof body

forcein bladeregions;Section3 showscomputationalresultsfor a singlestagetran-

soniccompressorwith inlet total pressureand total temperaturedistortions;Section

4 givesa summaryof the results.

6.1 Governing Equations

The flow ill ducts and intra-blade-row gaps is described by the three-dimensional

unsteady Euler equations for mass, momentunL and energy conservation:
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In the blade row region, the assumption of infinite number of blades implies that

the flow is locally axisymmetric in the blade row reference frame. The equations for

blade rows can be derived ill exactly the same way as that for the low speed model
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where Fx, Fo, Fr, g1are the body force and heat source t.erms. Tile units of these terms

are force or heat release per unit volume.

If there is no additional heat source in the fluid, the energy transfer between

fluid and outside is through the blade force; therefore the source term in the energy

equation is tile work done by the rotor blade row. The above statement can be

expressed as

F • V + (t = Fo_b"

where Q is the rotating speed of the blade row, alnt Fo the net tangential body fi)rce.

The formulation of body force terms will be discussed in the next section.

6.2 Formulation of Body Force

The general exposition on the concept of body force representation of blade row

can be found in the reference by Marble [46]. The current formulation focuses on

those ast)ects that represent the response to unsteady three-dimensional flow, the key

feature in the flow situations of interest here. The key idea here is to let body force

field respond to local flow t)roperties instantaneously. The body force formulatioil

(i.e. the way body force responds to local flow properties) is (let.ermined based on

steady flow field. This t.ype of body force formulation has been shown to be adequate

for simulation of stall inception through short wavelength disturbances (see Chapter

3 and 4).

6.2.1 A Form of Body Force for Representing a Blade Pas-

sage

The force normal t.o the blade surface is associated with the blade pressure difference

between pressure side and suction side; while the force parallel t.o the blade surface

is associated with the viscous shear.

A key aspect of the forlnulation is t.o express the body force as a fllnction of local

flow properties. This assumed functional dependence on local flow properties has
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Figure 6.1: The flow in a blade passage is modeled locally as a flow in a straight
channel.

been shown to be adequate for simulating flow instal)ility ill low speed compressors.

To elucidate the flmctional dependency of body force oll local flow properties, it is

useful to examine flow in a straight channel which is, ill a first order apwoximation,

similar to flow in a blade passage. A sector of a blade passage is considered as a

straight channel, and the flow properties at a particular location are indicated in

Fig. 6.1. The force can generally be expressed as

hF

/)_/r2

- f(M, Aj3, Re)

where I, M, A/3, and Re are local values, and h is the local spacing of the blade

passage (Fig. 6.1). Since the Re effects are relatively small if Re is sufficiently high,

therefore an adequate form of the body force is

hF
- f(M, Ag) (6.3)

pt,'2

Following the analysis of Marble [46], it is useflfl to split the body force into two

parts: one normal to the relative flow direction annotated as F,,, the other, annotated

as Fp, parallel to the flow direction in the relative frame. An advantage of splitting

the body force representation into these two parts is that each part can be formulated

on its own physical basis. Thus F,_ would represent the effects of pressure difference

between the pressure surface and suction surface, enabling work exchange between
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Figure 6.2: Tile body fi)rce (hm to pressure gra(li(mt in a staggered channel. The

velocity is along the blade passage; and the pressure gradient is also ill the blade

passage direction. The pressure gradient has a component in the circumferential

direction, so it creates the pressure difference (Pa-Pl) across the blade.
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bladerow and fluid. The body forceparallel to the flow, F1,, is (Ill(' t<>the viscous

shearstress.This part of the body force produceslossesas well as addswork into

the fluid. The functionaldependenceof the body forceca.nnowbewritten as

hFr,
--f_(._I,A/3)

/A,2

hFp _ fv(3l, _:;_)
p1:2

(6.4)

The body h)ree formulation thus is re<tuced to the task of determining .f,_, an<t fp

at. every spatial point in each blade row.

It is realized that the pressure gradient in a staggered channel could also produce

pressure difference across the blade, as shown in Fig. 6.2. The cause is that the

pressure gradient in a blade passage is, to a first order of approximation, in the

direction of blade passage. The pressure gradient in a staggered blade passage is

different froin the axisymmetric assumption which assumes that the pressure (and

other flow properties) gradient is in the direction of the meridional plane. The force

term which corresponds to the local pressure gradient is

10P
F_ - sin o: (6.5)

p 0x

6.2.2 A Proposed Body Force Formulation

The purpose of develot)ing this fl)rmulation is to enable the nlodel to be applie<t to

situations where detailed measurements are riot availal)le.

Body force responding to local deviation

The part of the body force which represents the blade response to the discrepancy

between blade metal angle and flow direction, is formulated here. The flow in a blade

passage is locally modeled as flow in a straight channel, as shown in Fig. 6.1. t/and

are the axes in the local blade chalmel direction and the direction normal to the

local blade channel respectively. The body force normal to the flow direction, _, is
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formulatedasfollows.

The _-momentumequationcanbewritten as

Therefl)re,the m)rmalto bladepassagecomponentof the normalbody forcehasthe

followingform

h

In the above expression, h is preferred t.o the blade chord since h can be defined

locally. Using the fllnetional form of Eq. 6.4, the F,_,_ ('an be expressed as

Fn,_ = I¢,,,,(A/_, M)I;i_ (6.6)
h

An undesirable difficulty associated with above formulation is when 5_ reaches 90 °

Fo,,, = _7,,,_t.an(:X,:_) = I,_,e(_.,3 , M) _
[I

which has a finite value. This cannot be right since Fn,,t must be zero in this situation.

To overcome this, the formulation is modified to:

(6,7)

The above form is nearly equivalent to tile original form when A._5 is small since

F,_,_ = cos Ai3F,,

and it will be zero if I _ becoines zero.

Upon applying the above formulation in a blade passage where the local blade

passage (a straight channel) is along the local blade metal angle,(_ (see Fig. 6.3), we
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Figure 6.3: The flow ill a blade passage in (:r, 0) plane.

have

G,_ = F_,sin(c_ + .5,2)

F.,o = -F., cos(a + A/_)

These (:an flirt, her be rewritten as

F,,,_- = h I'

F.,0 = h V
(_ cos a + I? sin c_)(I? cos a: - I,_ sill _)

(6.s)

(6.9)

Body force: viscous effect

The body force associat, ed with viscous shear is against the flow direction, and can

thus be writt, en as

Kp(A,3, M) I'I_
F_,X ---- h

- / t

I,;p(A 3, :'tl) I'_ "o
V,,,o = h

I<,,(A,,'_,M) _,,._;
h

(6.m)
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The resultantforceis thevectorsumof all thesetermsin E(I.6.10,Eq. 6.11,and

Eq. 6.5.

The flmctionality of the above fornnflation is essentially the same as that de-

scribed in Section 6.2.1, and provides a convenient way to correlate coefficients against

measurements or CFD computations. To demonstrate the methodology, the coeffi-

cients have been correlated based on Rotor 35 geometry at the mid-span and tip

location, using loss and deviation data from a standard reference [41]. The resultant

h,_ and Kp are

K,_ = 4.2- 3.3, a

Kp = 0.O4

6.3 Numerical Examples: Compressor Response

to Inlet Distortions

Numerical sinmlations were performed based on Stage 35 [58]. Stage 35 is a single

stage transonic compressor designed by NASA Lewis Research Center in the late

70's [58]. The compressor features low aspect ratio rotor and stator blades, a high

design pressure ratio of 1.82. The design parameters are listed in Table 6.1.

The first example is the compressor response to a square-wave total pressure

distortion far upstream. Some of the computed resuhs will be compared against

measurements. In the second case, a total temperature non-uniformity is imt)osed

at the location far upstream of Stage 35. The results of the two examples are to

show that the model yields an adequate description of a compressor response with

finite amplitude distortions. The third ease is an abrupt square-wave total pressure

distortion far upstream of Stage 35. This case will demonstrate the capability of the

model for simulating finite amplitude unsteady disturbances in a compression system.

The computational domain is shown in Fig. 6.4. Near the exit, the flow path

is modified to relieve the numerical difficulty associated with the reverse flow at the

hub-wall due to the curvature effects. The locations where the results are plotted and
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Figure 6.4: Tile computational domain (solid line) is based on the real geometry

except for the exit region denoted by (lash line. Flow variables taken at the four

indicated locations are used for comparison between measurements and computed

results.

Table 6.1: Some design paralneters of Stage 35.

.Nulnber of rotor blades 36

Rotor rotating speed 1800 rad/sec

Rotor aspect ratio 1.19

Hub-to-tip ratio at rotor inlet 0.7

Solidity of rotor 1.29 at tip
1.77 at hub

Number of stator blades 46

Stator aspect ratio ' 1.26

Solidity of stator 1.3 at the tip
1.5 at the hub

measured are indicated in the same figure. The computational mesh size is 142(axial)

by 200(circumferential) by 10(radial) cells, shown in Fig. 6.5.

The performance map, shown in Fig. 6.6, is computed using the body force

formulation developed in the previous section with coefficients K,_ an(t Kp in Eq. 6.1(I

and Eq. 6.11. On an overall basis, the computed results (Fig. 6.6) agree with the

measured performance map (Fig. 6.7) in the region away froin the surge line. Along

each speedline, the highest mass flow t)oint corresponds to the choking point, which

is in agreelnent with the measured value. The pressure rise is slightly higher than the

measured value near the design flow coefficient. This is expected, as the en(twall flow

effects are not accounted for in the model. The comt)nted t)erformance at the low flow

region deviates from the measurements since the body force has not been calibrated in

that region. For the same reason, the present work will only confine to demonstrating

the utility of the model for assessing compressor response to distortions.
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Meshin themeridionalplane
aroundStage35 Meshatinlet face

Figure 6.5: Thecomputationalmesharoundthe rotor andstator. Tile leadingedges
and trailing edgesare indicatedby thick lines.

Tile relative Math numberdistribution in the rotor at 100(7_speedis shownin

Fig. 6.8. Tile Math numberaroundthe leadingedgeexhibitsshock-likedistribution.

Sincethereareonly 13(:ellsalongthe axial direction in the rotor, it is difficult to

tell whether there is a shockat the leadingedgefrom Math nmnbercontours. The

existenceof a shockbecomesevidentwhenthe relative flow angledistribution and

static pressuredistribution at.the tip areplotted. As shownin Fig. 6.9, the static

pressureandentrot)ygoup sharply(within first threepoints),while the relativeflow

angleremainsrelativelyunchangedin that region.Tile importanceof capturingshock

is that shockis the mainmechanismof producingpressureriseand lossin atransonic

blade row. The static distribution at the rotor tip showsthat the entire pressure

riseandhalf of the entropyrisein the bladepassageoccursaroundthe leadingedge.

The computedlosscoefficientof the rotor is shownin Fig. 6.10,and is in agreement

with the experimentaldata. Thecomputeddeviationalsomatchesthe measurement

(Fig. 6.11).

In summary,the methodologywith the proposedbody forcerepresentationof

bladerow appearsto give a fairly gooddescriptionof the coinpressormapand the

associatedflow field.
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Figure 6.6: The computed compressor performance map of Stage 35.
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Figure 6.8: Comtmted Maeh number distribution in tile rotor. The compressor is

operated at 100% design rotational speed and mass flow rate of 20.2 kg/sec. The

model captures a shock at the leading edge.

146



1.8

E
2_ 1.4
E

_" 1.0

0
shock

0

0 0
f

0 0

I

0 0

I

0 0 0

_, 40

au 20

o

I I I

00
0

0 0
0 0

I

0 0

I

0 0

I

0 0 0
%70

O

60
_D

°_

50

0.005 0.01

I

O
0

0

I I I

0
0 0 O 0 0 0

I I I I

0.015 0.02 0.025 0.03 0.035

Axial position
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bution from the leading edge to the trailing edge at the tip region of Rotor 35. The

leading edge position is at the first circle symbol, and trailing edge the last one. The

results show that a shock is captured at, the leading edge in three grid points.
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6.3.1 Stage 35 Compressor Response to a Steady Total Pres-

sure Distortion

In this section, computed results of Stage 35 response t,o inlet distortion are l)resente(t

and compared with available nmasuI'enmnts. At the far upstreanl location, the total

pressure distortion is a 120 ° square-wave with a total pressure deficit of one dynamic

head, i.e.

P._poil,,d-- Pun._poih_d= 1.0

The total and static pressure distributions at the upstream location (noted in

Fig. 6.4) and static pressure distribution at the specified downstream location are

plotted in Fig. 6.12. As shown in the figure, the results are in agreement with tim

measurements. Tile non-uniform static pressure at the downstream location of Stage

35 is a result of the downstream diffuser (Spakovszky et al [65]). The computed

velocity distribution at tim specified ut)stream location also matches the measurement

(Fig. 6.13). The good agreement between computed and measured flow field has the

implication that the computed results can l)e used to tim.her examine the flow field

in the compressor.

One signifi(:ant feature of distorted flow feld in the compressor is the result-

ing flow redistribution associated with distortion-compressor coupling. As shown

in Fig. 6.15, the flow coefi%ient distribution at the compressor front face has been

significantly altered from that at the upstream location of the compressor. Tile non-

uniformity of flow coefficient has been attenuated by the compressor. The reason for

this type of redistribution is that in the low flow coefficient region the compressor

has a higher pressure rise than the compressor in the high flow coefficient region.

Besides the reduction of the flow coefficient non-uniformity at. the comt)ressor inlet,

the shape of the flow coefficient distribution has also been shifted in t)hase. An in-

teresting observation is that the direction of the shift, predicted by an actuator disk

theory of Hynes and Greitzer [35] is opposite to the direction computed using ttle

current model (shown in Fig. 6.16). Tile shift in flow coefficient profile at the com-

pressor inlet face in Hynes and Greit.zer's model is due to tile rotation of the rotor
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whichtransportsnlomentumill the directionof rotor rotation. In thecurrent model.

the effectsof transportingnloinentunl 1)3' the rotor is outweighedby the changein

inlet flow anglecausedby the flow redistribution, as illustrated in Fig. 6.17. Hynes

and Greitzer [35] assumethat thereis all IGV in front of tile rotor, thereforeflow

angleis set.by the IGV exit angle;howeverStage35doesnot haveall IGV andis a

singlestagecoinpressor(which impliesthat rotor rotation effectsarerelativesmall),

thereforethe effectsof inlet flow anglechangebecomethe dominantnlechanisnlfor

phaseshifting of the flowcoefficientprofile at the inlet of Stage35. Thus one may

expectthat tile responseof a singlestagecompressorwill besimilar to the behavior

of Stage35, while a multi-stage('omt)ressorwould responsein a mannersimilar to

that describedby Hynesand Greitzer [35].

Tile velocity(tistribut.ionsfrom far upstreamto the compressorexit areplotted

ill Fig. 6.14.The flow is approximatelytwo-dimensionalwith three-dilnensionalflow

feature (i.e. radial non-uniformity) near the edgesof the square-wave.The total

pressuredistribution (Fig. 6.18) and total temperaturedistribution (Fig. 6.19)at

the compressorexit.show that both tile total pressureand total temperatureare

significantlynon-unifornl eventhough the distortion at the inlet is a purely total

pressuredistortion.

Figure6.20showstile localoperatingpointsat differentcircumferentialpositions

on theconlpressormap. It is foundthat.thespoiledsectorand theunspoiledsectorof

thecompressordonot operatealongthesanlespeedline.The massflow rangearound

the ammlusis larger than tile flow rangefronl maximum (choked)to stalling mass

flow for the coinpressoroperatedat. the samespeed.The fairly largespreadin the

computedcompressoroperatingpointsaroundthecompressoraimulusindicatesthat

tile compressorisnot operatingill a mannerdescribedby the"compressorill parallel"

Inodel.This isbecauseasignificantflowanglevariation (shownill Fig. 6.21)is induced

by the flow redistributionat the rotor inlet asbeing illustrated ill Fig. 6.17;and the

inducedinlet flow angledeviatesthe conlpressorperfornlancefronl the compressor

perforlnancenlap.

Another effectof the inlet distortion is the resultingnon-uniformblade loading
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on the bladesaroundtheannulus.Figure.6.22showsthe computedrotor bladeforce

distribution alongthe circumferentialdirection. Tile forcevariation is morethan 40(X

of the meanvalue. This information is usefulfor structural designersfor estimating

the bladestructure integrity underinlet distortions.

Tosummarize,this exampledemonstratestheutility of themethodfor calculating

finite amplitudedisturbance.
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Figure 6.18: Thecomputedtotal pressuredistributionsat theexit of tile compressor
with total pressuredistortion upstream.
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Figure 6.19: The computed total temperature distributions at the exit of the com-

pressor with total pressure distortion upstream.
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Figure 6.22: The distributions of the aerodynamic force on blades along the annulus.

6.3.2 Stage 35 Compressor Response to Total Temperature

Distortion

In this case, a 120 ° square-wave total temperature distortion is imI)osed far upstream

of Stage 35. The total temperature ratio (Tt,distorte,t/Tta, ndistorted ) is 1.47, or tile teln-

perature distortion coefficient, (Tt,,,a_ - Tt,,,,_,,_)/Tt,,,_,_,,,_, is 0.16. Tile temperature

_ - /0.o/_,,,,_,,,, whichnon-uniformity can also be measured bv (Tt,di.stortecl Tt,undistorted) ::. 72

gives 2.5. The spoiled (higher _) sector is operated at. 70% corrected speed.

The axial velocity distributions from far upstream to downstream of the compres-

sor, shown in Fig. 6.23, reveal the flow redistribution in the compressor. Figure 6.24

shows the change of axial velocity profile from the upstream location to the compres-

sor front face. The flow in high total temperature region is not accelerated as does

the flow in low total temperature region. The high total temperature region is thus

expanded as the flow approaches the compressor. The compressors-in-parallel model

can again be used to qualitatively explain this. The portion of the compressor with

high total temperature inlet flow has to operate at an operating point in the low mass
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flow region,and the other portion at all operatingpoint of high massflow, sothat

thestatic pressureat.theexit.isapproximatelyuniform. Therefore,thedistortedflow

regionhasto bedecelerated,and this leadsto the expansionof distortedflow region

to satisfythe continuity. Due to the flow redistribution, the swirl is inducedat.the

edgesof distorted and undistortedflow. The velocitydistributions at the rotor exit

andstatorexit canbeexplainedbythe loadingvariationcausedby theinducedswirl.

Thetotal temperaturedistribution at the exit.(Fig.6.25)isconsistentwith the above

explanation. The low total temperatureregionis reducedat tile rotor exit.. At the

compressorexit, a total pressurenon-unifornlity is producedby the coinpressor.

The localoperatingpoints on the annulusareplotted in Fig. 6.27. In this case,

the"parallelcompressor"modelappearsto beagoodapproximation(comparingwith

the caseof total pressuredistortion). The flow anglevariation at the rotor inlet,

shownin Fig.6.28,is about20_ of thevariation for thetotal pressuredistortioncase

(Fig.6.21);this explainswhythe "parallelcompressor"modelisagoodapproximation

for this case.

The distribution of theaerodynainicforceon blades(Fig. 6.29)showsa substan-

tial variationcausedby the total tenlperaturedistortion.
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Figure 6.25: The computed total pressure and total pressure distributions at the

exit of the compressor with a total temperature distortion upstream.

Tt / TtO

l.4
1.2
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6.4 Stage 35 response to an abrupt total pressure

distortion

A feature of the present model is its ability to simulate the unsteady response of a

compressor to non-linear disturbances. To demonstrate this, the response of Stage 35

to an abrupt total pressure inlet distortion is computed. A total pressure distortion.

which is the same as that in Section 6.3.1, was imposed at the upstream boundary at

time = 0.

The mass flow and static pressure computed at the upstream station, the com-

pressor inlet, compressor exit, and downstream are plotted in Fig. 6.30 and Fig. 6.31.

The results clearly show that the pressure wave (exl)ansion wave) propagating down-

st.ream. The reductioil of mass flow sweeps through the system following the pressure

wave. After the first sweep of the pressure wave, the mass flow at the upstream lo-

cation drops 1.1kg/sec which is about 50% more than the drop in mass flow as the

final steady state is reached. The mass flow in blade row region settles to the value of
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the final steadystate almostinstantaneously;this is duet,otile presenceof the com-

pressorwhichoperatesin the negativelyslopedregion,sothe one-dimensionalmode

is suppressedby tile compressor.The massflow at the upstreamlocation increases

asthe reflectedpressurewavefrom the compressorreachesthe upstreamlocationat

time = 0.6 revs. Fig. 6.32showsthe flow coefficientprofilesat four time instants.

At. time = 0.33revs,whenthe pressurewavereachesthe compressorinlet, the flow

coefficientis fairly uniform. The flow coefficientat the rotor inlet beginsto deform

asthe low Pt flow reachesthe compressorinlet at time = 0.78revs.The flowpattern

at the compressorinlet is roughly establishedat. time = 1.17revs, only 0.39 revs

after the low Pt flow reachesthe compressor.Thedifferencebetweenflowcoefficient

profilesat time = 1.17revsandequilibriumstate (time = infinite) is minimal. Sothe

flowpatternaroundacompressoris establishedahnostinstantaneouslyfor an abrupt

inlet distortion.

Theresultsindicatethat asteadyInodelisvalid for estimatingtheperformanceof

a compressorwith transientinlet distortions. This statementis valid for a compressor

operatednearits designpoint, sinceall the unsteadydisturbancesarehighlydamped

by the compressor.It is expectedthat the phenon_enacanbesubstantiallydifferent

whena compressoris operatednearits stall point.
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6.5 Summary

1. The methodology developed for low speed compressor is also applicable to high-

speed (:ompressor. A new body force formulation has been developed, and is

able to capture two unique features associated with high-speed flow: choking

and shock waves. The methodology has been shown to be capable of calculating

the behavior of compressor resl)onse to finite amplitude unsteady disturbances.

2. Computed results for total pressure and temperature distortions show that the

use of a simple body force representation gives an adequate description of the

flow redistribution in a compressor and the transmission of distortions through

the compressor.

3. The response of a compressor t.o an abrupt Pt inlet distortion was calculated.

The results show that the flow pattern around the compressor was established

quickly (within 0.4 rotor revolutions after the low Pt flow reaches compressor

inlet) when the compressor is operated near its design point. Thus the steady

solution for inlet distortion can be used to calculate the flow field and per-

formance of a compressor with transient distorted inlet conditions when the

compressor is operated away from its stall point.

4. The results indicate that a compressor under a total temperature inlet distortion

can be well described by the "parallel compressor" model, while a compressor

with total pressure distortions can only be qualitatively described by the "par-

allel compressor" model.

5. At compressor exit., both the total temperature and total pressure non-uniformity

are significant even though the inlet dist.ortion is merely a non-unifl)rm Pt or a

non-uniform Tt.

6. The aerodynamic force on blades along the annulus is computed. It. is found

that inlet distortion could cause large variation (in the range of 40_ of the mean

value) of force on blades along the annulus.
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Chapter 7

Summary and

Future work

Conclusions, and

This work is aimed at developing a capability to predict instability onset in nmltistage

conlpressors with or without inlet distortions. To accomplish this, a computational

model has been develoI)ed and demonstrated to be capable of describing short wave-

length stall inception in a multi-stage compressor. The methodology has further

been extended to model high-speed compressor, where it was used to calculate the

response of a transonic compressor to different types of inlet distortion. The work

will be sulnmarized in this chapter. Several conclusions (:an be deduce(t from the

computed results presented ill this thesis.

7.1 Summary

The thesis presents a complete modeling development process that involves analyz-

ing the ext)erimental observations, conceptualization and development of an adequate

physical flow model, followed by its application to seek out specific controlling pa-

rameters on short wavelength stalling behavior.

The review presented in Chapter 1 has shown that. (1) the rotating stall incep-

tion, e.g. short wavelength stall inception, is essentially three-(limensional ill many

compressors; (2) the short wavelength stall inception, which is initiate(t bv local dis-
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turbances,is not just set.by local flow conditionof onet)articular bladet)assage;(3)

the rotating speedof shortwavelengthdisturbancescanbeestimatedby tile t)ressure

balance(or inertia) method.Noavailablemethodhastile cat)abilityof describingtile

short wavelengthstall incet)tion,excepta fifll Navier-Stokessinmlation. Tile goalof

the work is thereforeto developamethodfor describingthe rotating stall inceptions

in multi-stagecompressors.

The computationalmethod (Chapter2) describesthree-dinmnsionalnon-linear

disturbancesin a multi-stagecompressor.Thekeyelementsof the nlodelare: (1) the

row-by-rowdescript.ionof a compressor;(2) the unsteadythree-dimensionalflow in

blade-freeregions,and locally axisymmetricflow with body forcefield ill bladerow

regions;and (3) body forceresponseto the local flowcon(titions.

It is foundthat a spike-shapeddisturbance(local to tile tip regionof rotor blade

row) is neededto initiate and distinguishthe stall inceptiontype of a (:ompressor.

The experimentalobservationsalsoshowthe existenceof this tyt)eof localizeddis-

turbancesprior to stall.

In Chapter 3, the adequacy of the model is assessed by its ability to reproduce

tile following key features of short wavelength stall incet)tion: (1) relatively high

rotating speed, (2) relatively high growth rate, (3) progressive characteristic of stage

one ill a misnmtched configuration of the GE four-stage compressor, (4) the size of

the localized stall (:ell in the misnmtched configuration, and (5) the unique rotor

tip incidence at tile stall point where rotating stall is initiated by short wavelength

disturbances.

The following parameters are examined in Chapter 4: (1) initial disturbance

type: long wavelength and localized disturbances, (2) radial position of localized

disturbances, (3) axial location of initial disturbances, (4) amplitude of initial distur-

bance, (5) shape of unstable side of characteristic, and (6) effects of inter-blade row

gap. The t)arametric study leads to tile following conclusions: (1) the spike-shaped

disturbances localized ill the tip region of the first stage rotor are the disturbances

that initiate the short wavelength stall inception; (2) the amplitude of the distur-

bance has to t)e above a threshold value to initiate a short wavelength stall inception;
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and (3) reducingthe gap around tile first stagerotor suppressesshort lengthscale

disturbances,whileother gapshaveno visibleeffectson the comt)ressorstability.

Additional t)hysicalasl)ectsof the resultsandtheinodelarediscussedin Chapter

5. Neglecting the sensitivity of compressor performance to inlet swirl was shown not

to change the nature of localized disturbances. Also the source of the initial spike-

shaped disturbance could be a result of the tip-vortex behavior. Three-dimensional

aspects, more specifically', tile additional length scale in the spanwise direction and the

centrifugal effect term, I09/r, and tile presence of the finite amplitude disturbances

are needed to initiate a short wavelength stall inception in the t.ip region of a rotor

blade row at an operating point in the negatively sloped region of the pressure rise

characteristic. The concept of component group and its implication are discussed.

Finally, two hypotheses were put forth: (1) there are several routes through which

short length scale disturbances could develop into final one large stall cell; (2) a simple

analysis is presented t.o argue that a compressor with low flow coefficient design tends

to stall through spike type.

The method is extended to calculate flow disturbances in high-speed compressors.

A general form of a body force to represent blade row is given. Based on that general

form, a simt)le body' force formulation is derived and used for calculating compressor

response to inlet distortions.

7.2 Conclusions

Tile following conclusions have been deduced from coInputed results based on tile

applications of the model:

1. A computational model has been developed for (lescril)ing general nonlinear

three-dimensional disturbances in multistage compressors.

2. The necessary ingredients of the model to simulate short wavelength stall incep-

tion entail an unsteady three-dimensional, nonlinear, row by row representation

of compressor response to finite amplitude disturbances. The short length scale
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stalling processcannot bedescribedif anyoneof theseis missing.

3. Localizeddisturbancesof sufficientamt)litude(largeenoughto effectzeropres-

surerisein tile tip) arerequiredto initiate theshortwavelengthrouteto rotating

stall.

4. Thebehavior(growthrate, rotating speed,andthe shape)of short lengthscale

disturbancescanbeadequatelydescribedwithout bladediscretenessoncesuch

a disturbanceis imposedonto the system.

5. The coinputationsshowinstability occurringon the negativelyslopedpart of

the overallcompressorcharacteristic,in agreementwith experimentalineasure-

ments.This is in direct contrastto resultsbasedon two-dimensionalmodaltype

of analysesin whichthe instability will occurat the peakof the characteristic.

6. Thegrowth or decayof small lengt.hscaledisturbancesin a rotor is determined

by the designcharacteristicsof the isolatedcomponentgrout)consistingof the

rotor and its adjoiningstators.

7. The point at.whichstall occurs(i.e. propagatingasymmetricaldisturbancesdo

not decay)via theshortwavelengthrouteis setby themostunstablecomponent

groupwherelargeamplitudespikedisturbancesarepresent.

8. Closingthe rotor-statorgapswithin the most unstablecomponentgroupsup-

pressesthe growth of short wavelengthdisturbances,thereby improvingcom-

pressorstability.

7.3 Recommendations for Future Work

Two central issues of short wavelength stall inception are: (1) predicting the com-

pressor stability, and (2) strategies for improving the compressor stability margin.

The following work might significantly improve our knowledge of this phenomenon,

and the design method for an engine with enhanced stability properties.
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1. hlcorporating the compressor model dew_lot)e<l in this thesis into the existing <te-

sign tools would t)rovide a viable design method for predicting stall margin. The

current method requires substantial amount of input data to describe body force

over a large operating range. The body force can be obtained base<t on other

currently available tools (Streamline Curvature calculation, three-dimensional

N-S calculation). Building a standard interface between the current model and

the Streamline-Curvature or t)la(te passage simulation will represent a substan-

tial advancenmnt of tile method in terms of usability.

2. Further study of t.he controlling t)arameters on rotating stall initiated by short

length scale disturbances woul<t be fruitflfl. The study woul<t identi_' these

important parameters which have strong impact on the growth of short length

scale disturbances, therefore it would provide design guidelines for a compressor

which is more tolerant to short length scale disturbances. Some possible control-

ling parameters are radial loading distribution, axial chord, loa(ting (tistribution

between rotor an(t stator.

3. Further investigation of the physical origin(s) of the initial disturbances. This

would complete the current knowledge of all pieces of the stalling process initi-

ated by short length scale disturbances.

4. It seems of interest, to examine the effects of casing treatment as well as tip

blowing or suction on short wavelength stall inception. Since the tip region is

most sensitive to short length scale (tisturbances, any modification of the flow

structure in the tip region might have significant impact on short wavelength

stall inception.

A strength of the model is that the compressor is naturally coupled wit.h unsteady

three-(timensional flow, so that the model coul(t be use(t to investigate the interactions

between compressor and other components. Some of these are:

1. Interaction between intake and compressor with inlet distortions (inclu<ting

transient inlet distortions), and its impact on the performance and stability
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margin.

2. Tile behaviorof inlet vortex ill an intake and engine,and its impact on the

performanceandstall margin.

3. Thehot gasingestioninto an engine,and its impact on the stability margin.

4. Tile modelcanbea componentin a engine(orevena aircraft) systemto model

the dynamicbehaviorof a wholeengineundervariousrealsituations.
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Appendix A

A Procedure of Formulating the

Body Force

The body force formulation inchldes the following two stet)s: (1) deternfination of

a body force field fiom a given flow field ill a blade row; (2) obtaining a set of

manageable expressions of tile body force field based on sufficient munber of body

force fields determined applying tile inethod in the previous step for sutIicient number

of different operating points.

I will first describe a procedure for determining the body force field which will

produce a axisymmetric flow field which is the same as that of the pitch-wise average

of a given three-dimensional flow field. The procedure is applied t,o compute the body

forces for different operating points; then the body force expression for each spatial

point (:an be deduced from these body forces for different operating conditions.
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A.1 Determination of the body force from a three-

dimensional flow in a blade passage

A t.hree-dinwnsional flow field, which can be obtained from either CFD computation

or experinmntal nleasurelnent, is expressed as

_;(., 0_,-), _?(:,-,0, _,-), _;(:,:,0, ,.), r(., 0, ,-), P(:r, 0_,-), ,(:r, 0, _), ...

All axisymnmtric flow field can be obtained through pitch-wise stream-thrust average

of the flow field. Phy'sically, the stream-thrust average assumes the flow is mixed

out locally, so this kind of average is consistent to the body force idea. After the

pitch-wise average, the flow field can be expressed as

_)(:_.,_-), _0(x,,-), _; (:r,,-), T(,, ,-), F (,, ,.), ,(;,:,,-), ...

The momentum equations with body force terms for the steady flow in a blade

row can be written as the following:

0

O:r

rpl_ + rp

rt)I;I;

rpl:?I;

rpl. r2 + rp

,-t,(V,,x+ g,.)

-r, tbi; + rt)(V,,o+ F,,o)

f,_;_+ _,+ ,-r,(v,,_+ F,,_)

(A.1)

The force terms in the at)ore equations are

I r2d 10P

F_ - h f_(M,A_) + _-x sinc_

Ft' _ I;_, f,,(3I,&,3)
h

(a.2)

where I_t is the relative velocity. Effectively, formulating of the body force is equiv-

alent to finding f_ and fl, as functions of the local flow conditions.
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IntegratingEq. A.1 ona control volumegives

£r (

rplT_2+ rp

r/>l ;I';

_+ rt>I }I.;

rplr 2 + rp

_)d(6F)

_t,(6...+ Fpx)

-_; + rp(F,,0+ F,,o)

pI7+ p + ,p(F,,,+ f,,r)

dr (a.a)

where F is the control vohune, 6F the surface of the control volmne, .? and ? unit

vectors in the axial and radial directions. If the control volume is a small mesh (:ell,

the value of the right hand side of the Eq. A.3 can be evaluated assuming the flow

properties in the mesh cell to be approximately uniforln. Then the above equation

set. becomes

f_F(

rpi_ + rp

rpl ;I'?

rpI;I "_

it+ rpI?l;

rp172 + rp

_)d(Sr)

=li,

_p(F.. + Y,.)

-/614 + rp(f,,o + 5,0)

Pt7 + P + _p(r,,r + &,)

(a.4)

where I_ is the volume of the control volume. F,, Fo, and Fr can be comtmted using

the above equation set; and their components normal and parallel to the relative

velocity can be calculated. Finally, f,, and fp can be calculated using their definition

in Eq. A.2.
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A.2 Deducing f,, and ft, as Functions of Local Flow

Properties

In the previous section, fi_ and .fl, at each mesh cell can be calculated for a given

three-dimensional flow fieht. I label these fn and fv as

fm(j,k) , fp,(j,k)

where (j, k) is the index of a mesh cell (Fig. A.1). A simple way of formulating these

fn and fp is to express thmn as polynomials, such as

fn,(j,k) ---- Cno,(j,k) + Cnl,(j,k), '3 + Cn2,(j,k)[ _2 + Cna,(j,k) -ll + Cn4,(j,k) 'iI2

f,,,O,k) = C,,o,(j,k) + Ct,_,(j,k)3 + C,,2,(j,k)/32 + Cva,(j,k)3I + G,,,o,k) M2 (a.5)

where C,,o, ... Cp,1, are coefiqcients to be determined. If a sufficient number of .f,, and

fl, have been computed for different operating points using the method described in

the previous section, then C can be determined to have the best fit for these .f,, and

f,,.
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THREE-DIMENSIONAL AERODYNAMIC INSTABILITIES

IN MULTI-STAGE AXIAL COMPRESSORS

Part II: Effect Of Changes In Pressure Rise Characteristics On

Short Length Scale Stall Inception And Development Of

Rational Procedure For Body Force Representation Of Blade
Row



V. Introduction

A computational model for simulating axial compressor stall inception and development

via disturbances with length scales on the order of several (typically about three) blade

pitches have been developed and this was described in Part I of the report. The model

was designed for multi-stage compressors in which stall is initiated by these "short

wavelength" disturbances, also referred to as spikes. The inception process described is

fundamentally nonlinear, in contrast to the essentially linear behavior seen in so-called

"modal stall inception". Each blade-row was represented by a body force distribution

evaluated in real time using the blade-row characteristics and local flow conditions.

The model was able to capture the following experimentally observed phenomena:

(1) development of rotating stall via short wavelength disturbances, (2) formation and

evolution of localized short wavelength stall cells in the first stage of a mismatched

compressor, (3) the switch from long to short wavelength stall inception resulting from

the re-staggering of the inlet guide vane, (4) the occurrence of rotating stall inception on

the negatively sloped portion of the compressor characteristic. Parametric investigations

indicated that (1) short wavelength disturbances were supported by the rotor blade row,

(2) the disturbance strength was attenuated within the stators, and (3) the reduction of

inter-blade row gaps can suppress the growth of short wavelength disturbances. It is

argued that each local component group (rotor plus neighboring stators) has its own

instability point (i.e. conditions at which disturbances are sustained) for short wavelength

disturbances, with the instability point for the compressor set by the most unstable

component group.

However there remain two issues that need to be re-examined. First the use of the

computational model for simulating axial compressor instability requires the specification

of compressor pressure rise characteristics including the portion of the characteristics to

the left of the peak of pressure rise characteristics. This is the portion of the

characteristics that one would measure if the compressor were prevented from stall for

operating points past the peak. As such this information is not readily available. Thus it

would be of engineering interest to assess the sensitivity of the stall inception process and

its subsequent development to the portion of the pressure rise characteristics that is to the



left of thepeak,whichwill bereferredto asLPSCfor brevity.Secondonly arudimentary

procedureusedfor representingeachblade-rowasabodyforcedistributionthatwas

evaluatedin realtime usingtheblade-rowcharacteristicsandlocal flow conditions.Thus

thereis alsoaneedto developaprocedurewherebythebodyforcerepresentationof a

bladerowcanbeimplementeddirectly usingthebestavailableCFD solutionof isolated

singlebladepassage.Thispartof thereportdescribestheworkdonetowardaddressing

thetwo issuesdelineatedin theabovefor theperiodJanuary2000to December2000

underNASA GRCGrantNAG3-205i.

A stall inceptionprocessthroughshortwavelengthin amultistagecompressorcanbe

roughlydescribedasthefirst appearanceof localizedshortlengthscaledisturbances

(whichcanbeoneor multiple, andbeginto manifesthundredsor morerotor revolutions

beforecompressorstalls).Undertheappropriateoperatingconditions,oneof the

localizeddisturbanceswill eventuallygrowto resultin afull spanstallcell thatextends

axially throughoutthecompressor.To understandthisstallingprocessin amultistage

compressor,thefollowing threequestionsneedto beanswered:

( 1) Whatsettheconditionsunderwhichthelocalizeddisturbanceswill form?

(2) Whatisneededto sustainthe localizeddisturbancesaroundalocalbladerow?

(3) Whataretheconditionsunderwhichthelocalizeddisturbancescangrow to resultin a

fully developedstallcell?

Theanswerto eachof theabovethreequestionsreflectstheflow phenomenaat three

differentphysicallevelof lengthandtimescalethatonehasto dealwith. Thefirst

questionisrelatedto theflow phenomenaonabladepassagelevel,thesecondto the

bladerow behavior,while thethird oneismostlydeterminedby thebehaviorof the

overallsystem.

Theworkonaddressingthefirst issueis aimedatansweringthesecondquestion.In this

regard,the importanceof theLPSCcanbeunderstoodthroughthefollowing argument.

Theshortwavelengthstall inceptionisdeterminedby themannera compressorresponds

to localizedfinite amplitudedisturbances.Theflow coefficientdistributionassociated

with the localizedfinite amplitudedisturbancescoversa finiteportionof compressor



characteristicasillustratedin figure 1. It canthusbeseenthattheslopeof the

characteristic,while provedadequatein linearstabilitymodel(Moore-Greitzer'smodel),

becomesinadequatefor describingacompressorinstability inceptionto finiteamplitude

disturbances.

Thesecondpartof thework is aneffort to implementthedevelopedmethodologyfor

modelingcompressorinstabilityin apracticaldesign-orientedenvironment.The

proposedprocedurewouldconsistof foursteps:(1) extractbody forcefrom CFD

solutions;(2) formulatethebodyforcebasedon theextractedbodyforcefields;(3)

replacethebladepassageregionwith theformulatedbodyforcefield; and(4) embedthe

bodyforcedistributionwithin astandardflow solverin mannerthat it canbeevaluatedin

realtimeusingtheblade-rowcharacteristicsandlocal flow conditions

Keyresultsarepresentedto providequantitativeillustrationsof theeffectsof changesin

LPSCon theshortwavelengthinstabilityandstallingflow coefficientProgresstoward

developingthe procedurefor extractingthebody forcerepresentationfrom theexisting

CFDresultsaredescribedaswell.

II. Sensitivity of Stall Inception and Development to Uncertainties in LPSC

The specific goal here is to quantify the shape of LPSC on compressor stalling behavior

as measure in terms of the stalling flow coefficient. This is accomplished by

implementing a set of stability calculations for a multistage compressor measured

unstalled pressure rise characteristics and assumed LPSC that varies by changing the

characterizing parameters delineated in the next section.

Procedure for Determining Stalling Flow Coefficient

The calculations and the results to be described here are based on the low speed

compressor employed in [1]. It is a mismatched GE 4-stage compressor [2] in which the

second to the forth stages have lower peak flow coefficient than that of the first stage. A



consequenceof themismatchedconfigurationis thatthefirst stageshowsprogressive

stallingbehaviorwhilemaintainingthesamestallingflow coefficient. EightLPSCs(Fig.

2), labeledasbaseline,C1, to C7,areinvestigated.TheLPSCshapehasatroughbetween

thepeakandthezeroflow coefficientpoint; this genericfeaturedhasbeenrationalizedto

someextentin [1], thoughconcernshavebeenexpressedon thefact thatLPSCmightnot

besmoothor continuous.Theshapeof theLPSCcanessentiallybecharacterizedin

termsof thefollowing parameters:(1) thedepthof thebottomof thetrough,and(2) the

locationwherea steepdropof pressureriseoccurs.

Thecomputationalprocedure,whichhasbeendescribedby Gong(1998)in details,can

besummarizedin thefollowing:

(1) At aselectedthrottleposition,asteady(axisymmetric)solutionis obtainedthrough

runningthesimulationcode(basedon thecomputationalmodelof thecompressor)

underitsaxisymmetricmode.

(2) Basedon theobtainedsteadysolution,a simulationis thenperformedby introducing

a localizedimpulse(0.1rotor revolutionsin theactualsimulation)to generateafinite

amplitudedisturbanceat thefirst stagerotorbladerow (or otherselectedbladerows)

everytwo rotor revolutions.Thesubsequentbehaviorof disturbances,whichmight

eitherdecayor grow,determineswhetherthecompressoris stableor not. If the

compressorisunstableat aparticularthrottleposition,thenits final equilibriumstate

(whichcanconsistsof multiple localizedstallcells,onelargestall cell, or one-

dimensionaloscillation)determinesthetypeof instabilitysuchasstall,or surge.

(3) Thestall/surgeflow coefficientis determinedby theminimumflow coefficientvia

searchingthecompressorinstabilitybehaviorsat variousthrottlepositions.The

accuracyof thestallingflow coefficientdocumentedin this reportis not exceeding

0.1%of stallingflow coefficientof thebaselinecase.



Results

The sensitivity of the compressor stalling behaviors to changes in LPSC are quantified in

terms of : (1) the change of stall flow coefficient, which is measured as

_._,,,ll- _,,,,,ll.h,,.,-_._,_,,x 100%,
_vtall .h_z_t,line

and (2) the shape of localized stall cell, which is reflected in the distribution of flow field

at the rotor exit.

The compressor characteristics with eight different LPSC are shown in Figure 2. Three

dimensional instability simulations show that all these cases result in progressive stall

characteristic due to the mismatched configuration. The shape of stall cells is illustrated

using the flow coefficient distributions in the tip region of stage one rotor exit. Shown in

Figure 3 to Figure 10 are the first rotor exit flow coefficient distributions corresponding

to each of the eight cases. These computed results indicate that the shape of the stall cells

is similar in all these cases. In light of the large variation in the LPSC used in these

simulations, it can be inferred from these results that the shape of localized stall cells is

not sensitive to the variation in LPSC. This is consistent with the measurements reported

in[2], [3] and [4]. This observation is in essential agreement with the concept of

component group proposed in [1 ], which yield the result that the growth of localized

disturbances is determined by a stator-rotor-stator system. Therefore the geometry, more

specifically, the blade chord and inter-blade gap, set the size of localized stall cells.

The stalling flow coefficient of the baseline case is 0.383, which is higher than the flow

coefficient of 0.374 at the peak of the prescribed total-to-static pressure rice

characteristic of the first stage. The results shown in Figure 11 to 16 serve to illustrate

the effects of changing LPSC on the stalling flow coefficient through the following

observations:



(1) Figurel I showsthechangein stallingflow coefficientfor all sevencharacteristics,

andtheresultsshowan8percentvariationin thecomputedstallingflow coefficient.

(2) Figurel2 showsthestalling flow coefficientchangesfor LPSCthatinvolveasteep

dropof pressurerisewith thetroughat afixed valueof pressurerise. Thestalling

flow coefficientdecreases(hencesystemstabilityimproves)asthesteepdropof the

pressureriseoccursat a lower flow coefficient. Theresultsshownin Figure13

showsasimilar trendfor LPSCwith thetroughat adifferentpressurerisefrom those

in figure 12.

(3) Figurel4 showsthestall flow coefficientchangefor LPSCwith differentdepthof the

trough. Figure15is similar to Figurel4 butwith adifferent locationwherethesteep

dropof pressureriseoccurs.Theresultsin thesetwo figuresindicatethatthedepth

of thetroughdoeshaveameasurableeffecton thestalling flow coefficient. The

effectappearsto bemoresignificantasthesteepdropof thepressureriseoccursat

higherflow coefficient.

(4) Figurel6 showstheeffectsof theshapeof thecharacteristicnearthepeak(from 0.8

to 1peakpressurerise flow coefficient)on thestallingflow coefficient. Theresults

showthataflattenedLPSCtendsto stabilizethecompressor(i.e it hasa higher

stallingflow coefficient).

In summarywhile thestallcell shapeis insensitiveto thechangesin LPSC,theLPSC

doesappearto changethevalueof stallingflow coefficientby anamountthatwouldbe

of concernto acompressordesignerin termsof quantifyingthestallmargin.The

characteristicnearthepeakappearto haveamuchlargerimpacton thevalueof stalling

flow coefficientthantheportionnearthezeroflow coefficient.

III. Flow Field Associated with A Localized Stall Cell

Computed flow field associated with the presence of a localized stall cell is presented to

show that detailed flow structures recently measured in [4] can also be captured by the

present computational model [l ]. Ref [4] measured the detailed flow field around

localized stall cell in a single stage compressor rig with an IGV, and two more stators at

upstream and downstream of the compressor. Computed static pressure and axial velocity



field at the casing around a localized stall cell are shown in Fig. 17 and Fig. 18. The static

pressure is high at the side that lead the stall cell, and low on the trailing side. The

computed static pressure distribution is similar to what is observed in the measurements

reported in [4]. The phenomena can be explained as a potential flow field around a blunt

body (the blockage produced by a stall cell), around which the front side of the blunt

body has a higher static pressure while the side of the blunt body has low static pressure.

IV. Stability modeling for high-speed compressors

The second part of the work under this grant is on the stability modeling for high-speed

compressors. The goal is to implement this new methodology in a practical design-

oriented environment. The major activities include (1) transfer of the modeling

technology to researchers in NASA GRC, and (2) develop a procedure to extract source

terms from three-dimensional Navier-Stokes solutions to enable the use of the Navier-

Stokes solvers at NASA GRC to simulate compressor instability inception and

development.

This portion of the grant activities involved technical collaboration between Dr. Gong of

MIT and Dr. Chima of NASA GRC. The activities include (1) delivering the stability

simulation codes for low-speed and high-speed compressors, and (2) transferring the

methodology for incorporation into a Navier-Stokes solver at NASA GRC.

V. Summary

This report documents the work done during year 2000 on the multi-stage compressor

stability modeling. The efforts include stability simulation of multi-stage compressor

with various LSPCs, and the development of a procedure to extract body force from

Reynolds-averaged Navier-Stokes solution for incorporating into an Euler code to

represent the blade row. The key results are



(1) LSPC has a finite quantitative impact on stalling flow coefficient of a multi-stage

compressor. The further study on the shape of LPSC would certainly be necessary to

improve the capability of compressor instability prediction.

(2) The shape of the characteristic near the peak has the strongest impact on the stalling

flow coefficient.

(3) The depth of the trough has relatively less impact on stalling flow coefficient,

(4) The size of localized stall cell is not sensitive to the shape of LSPC,

(5) The flow field at upstream of the stall cell is similar to the measurements in [4],

(6) A procedure to implement the computational model for use in design-oriented

environment is under further development and refinement.
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Figure 3 The flow coefficient distribution at rotor ! exit (baseline). The top figure shows the flow
coefficient around the annulus at the casing. The bottom plot shows the flow coefficient contours at

the rotor 1 exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 4 The flow coefficient distribution at rotor 1 exit (characteristic CI). The top figure shows the
flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient

contours at the rotor 1 exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 5 The flow coefficient distribution at rotor 1 exit (characteristic C2). The top figure shows the

flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient
contours at the rotor I exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 6 The flow coefficient distribution at rotor 1 exit (characteristic C3). The top figure shows the

flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient
contours at the rotor 1 exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 7 The flow coefficient distribution at rotor 1 exit (characteristic C4). The top figure shows the
flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient

contours at the rotor I exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 8 The flow coefficient distribution at rotor 1 exit (characteristic C5). The top figure shows the
flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient

contours at the rotor 1 exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 9 The flow coefficient distribution at rotor 1 exit (characteristic C6). The top figure shows the
flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient

contours at the rotor ! exit. The contours range from 0 (blue) to 0.5 (red).
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Figure 10 The flow coefficient distribution at rotor 1 exit (characteristic C7). The top figure shows
the flow coefficient around the annulus at the casing. The bottom plot shows the flow coefficient

contours at the rotor I exit. The contours range from 0 (blue) to 0.5 (red).



9
0
_- 8

.- 7
m

6
"6 s
e-

¢J ¢0

2

0
ft. -1

Cl C2 C3 C4 C5 C6 C7

Figure 11 Change of stalling flow coefficients from the baseline for all seven characteristics used in

the investigation
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Figure 12 Change of stalling flow coefficient for the characteristic of C3, CI, C4, and C5, with the

trough at a total-to-total pressure rise coefficient of 0.23
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Figure 13 Change of stalling flow coefficient for the characteristic of C6, and C7 with the trough at a
total-to-total pressure rise coefficient of 0.1.
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Figure 14 Change of stalling flow coefficient for the characteristic CI and C6 with different trough
depth and with steep drop occurring at flow coefficient of 0.28.
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Figure 15 Change of stalling flow coefficient for the characteristic of C5 and C7 with different

trough depth and with steep pressure drop occurring at flow coefficient of 0.21.
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Figure 16 Change of stalling flow coefficients for the characteristic of C2, C1, and C6 with different

slope near the peak, and with the trough at pressure rise coefficient of 0.23.



0.9

Figure ! 7 Casing static pressure distribution associated with a localized stall cell.
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Figure 18 Casing flow coefficient distribution associated with a localized stall cell.


